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ABSTRACT
The Milky Way provides an ideal laboratory to test our understanding of galaxy
evolution, owing to our ability to observe our Galaxy over fine scales. However, con-
necting the Galaxy to the wider galaxy population remains difficult, due to the chal-
lenges posed by our internal perspective and to the different observational techniques
employed. Here, we present a sample of galaxies identified as Milky Way Analogs
(MWAs) on the basis of their stellar masses and bulge-to-total ratios, observed as
part of the Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) survey.
We analyse the galaxies in terms of their stellar kinematics and populations as well
as their ionised gas contents. We find our sample to contain generally young stellar
populations in their outskirts. However, we find a wide range of stellar ages in their
central regions, and we detect central AGN-like or composite-like activity in roughly
half of the sample galaxies, with the other half consisting of galaxies with central
star-forming emission or emission consistent with old stars. We measure gradients in
gas metallicity and stellar metallicity that are generally flatter in physical units than
those measured for the Milky Way; however, we find far better agreement with the
Milky Way when scaling gradients by galaxies’ disc scale lengths. From this, we argue
much of the discrepancy in metallicity gradients to be due to the relative compactness
of the Milky Way, with differences in observing perspective also likely to be a factor.
Key words: galaxies: spiral – galaxies: structuere – galaxies: kinematics and dynam-
ics – galaxies: ISM – ISM: structure – galaxies: stellar content
? E-mail: nick.boardman@astro.utah.edu
1 INTRODUCTION
The formation and evolution of galaxies remains a key un-
solved problem in astronomy and astrophysics, in spite of the
© 2019 The Authors
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substantial progress made over the last two decades. Data
from the Sloan Digital Sky Survey (SDSS; York et al. 2000)
has conclusively demonstrated the existence of a bimodal-
ity in the optical colours of nearby galaxies (Strateva et al.
2001; Baldry et al. 2004). Nearby galaxies can mostly be
classified as “blue cloud” or “red sequence” on the basis of
their optical colors, with a minority of galaxies appearing
to populate a “green valley” transition regime between the
two. It is now widely accepted that galaxies transition from
the star-forming blue cloud to the quiescent red sequence
over the course of their lives (e.g. Bell et al. 2004; Faber
et al. 2007). However, the precise mechanisms behind such
transitions remain only partially understood.
Our understanding of resolved galaxy properties has sig-
nificantly improved in more recent years in large part due to
the advent of large sample, integral field unit (IFU) spectro-
scopic surveys, such as ATLAS3D (Cappellari et al. 2011),
CALIFA (Sa´nchez et al. 2012a), SAMI (Croom et al. 2012),
MAD (Erroz-Ferrer et al. 2019), and MaNGA (Bundy et al.
2015). Quiescent galaxies show a range of kinematic be-
haviours, with some being dispersion-dominated and others
retaining a significant level of rotational support (e.g. Em-
sellem et al. 2007, 2011). Galaxies appear to grow their bulge
fraction over time (e.g. Cappellari et al. 2013; Li et al. 2018),
suggesting a link between bulge-growth and the quenching of
star formation, and are typically younger and more metal-
poor in their outer parts than in their inner regions (e.g.
Gonza´lez Delgado et al. 2015; Zheng et al. 2017). A number
of possible physical reasons exist for this connection, includ-
ing the stabilisation of gas disks against collapse (Martig
et al. 2009; Ceverino et al. 2010) as well as feedback ef-
fects (e.g. Croton et al. 2006; Hopkins et al. 2006). Galaxy
quenching appears to involve both a reduction in galaxies’
inner star formation efficiency as well as a reduced molecular
gas content (Sa´nchez et al. 2018).
The existence of a connection between bulge growth
and quenching is consistent with an inside-out view of
galaxy evolution, in which galaxies have more efficient star-
formation histories in their inner parts than the regions fur-
ther out (Pe´rez et al. 2013; Ibarra-Medel et al. 2016; Garc´ıa-
Benito et al. 2017; Lo´pez Ferna´ndez et al. 2018). Such a
view is also consistent with colour gradients observed in disk
galaxies (e.g. Bell & de Jong 2000; MacArthur et al. 2004;
Pohlen & Trujillo 2006), as well as with galaxies’ negative
oxygen abundance gradients (e.g. Searle 1971; Diaz 1989;
Vila-Costas & Edmunds 1992; Sa´nchez et al. 2012b). The
availability of large IFU datasets has allowed the latter find-
ing to be explored in far greater detail. Sa´nchez et al. (2012a)
analyse IFU data of 38 face-on spiral galaxies and report a
characteristic oxygen abundance gradient of ∼ −0.1 dex/re,
and also show the oxygen abundance around the solar re-
gion to be in good consistency with the measured profiles
for their galaxies. Sa´nchez et al. (2014) analyze 306 disk
galaxies from the CALIFA survey and likewise report a char-
acteristic negative abundance gradient of ∼ −0.1 dex/re for
all undisturbed galaxies, with little scatter. CALIFA oxygen
abundance gradients have been further explored in a nymber
of subsequent studies (Ho et al. 2015; Sa´nchez-Menguiano
et al. 2016; Pe´rez-Montero et al. 2016). Negative oxygen
abundance gradients have also been detected in MaNGA
(Belfiore et al. 2017) along with several other recent IFU
datasets (e.g. Ho et al. 2015; Kaplan et al. 2016; Sa´nchez-
Menguiano et al. 2018; Poetrodjojo et al. 2018).
A number of evolutionary pathways appear to be re-
quired to explain the range of galaxies’ observed properties.
Red disk galaxies were likely quenched slowly over many
Gyr, following a cessation in gas inflow; Schawinski et al.
(2014) find from UV-optical colors that such galaxies quench
on time-scales of more than 1 Gyr, while early-type galaxies
(ETGs) appear from the same diagnostic to quench in less
than 250 Myr. The elemental abundance ratios of ETGs
likewise support a fast quenching timescale (e.g. Thomas
et al. 1999). The present-day green-valley population, mean-
while, appears to be dominated by disk galaxies quanching
on intermediate-to-long time-scales (Smethurst et al. 2015).
The quenching of star formation in ETGs appears to coin-
cide with the growth of a central bulge (Cappellari et al.
2013; Cappellari 2016), based on the correlation between
ETGs’ bulge-mass fractions and other properties, such as
galaxy age and optical color below a characteristic mass of
M ' 2 × 1011M. Regardless of their precise evolutionary
tracks, modern-day quiescent galaxies formed stars at much
higher rates in the past, implying such galaxies to have ex-
perienced a significant drop in star formation at redshifts
z ' 0.3 (Sa´nchez et al. 2019).
Much progress has also been made during this same
time period towards understanding the structure of our own
Milky Way (MW) Galaxy. Several surveys have been un-
dertaken in recent years with the aim of understanding the
Milky Way’s stellar kinematics and stellar populations, in-
cluding RAVE (Steinmetz et al. 2006), LEGUE (Deng et al.
2012), LAMOST (Cui et al. 2012), the Gaia-ESO survey
(Gilmore et al. 2012), GALAH (De Silva et al. 2015), Gaia
(Gaia Collaboration et al. 2016), and APOGEE (Majew-
ski et al. 2017). The MW’s stellar metallicities decline with
Galactocentric radius along the disk plane (e.g. Genovali
et al. 2014), with metallicity gradients significantly flatter
for older stars than for younger stars or for the interstellar
medium (ISM; e.g. Anders et al. 2017; Hasselquist et al.
2019). ISM abundance gradients were first noted for the
MW by Peimbert et al. (1978), based on a sample of eight
HII regions; Shaver et al. (1983) subsequently used a larger
sample to firmly demonstrate the presence of a large-scale
abundance gradient in the MW’s ISM, using both radio and
optical spectroscopy. A bimodality in the abundance ratios
of the α elements is apparent at intermediate stellar metal-
licities for the MW, indicating the existence of at least two
distinct stellar populations or evolutionary sequences (e.g.
Fuhrmann 1998, 2011; Anders et al. 2014; Nidever et al.
2014; Mikolaitis et al. 2014; Recio-Blanco et al. 2014; Hayden
et al. 2015). This pattern is generally understood in terms of
the existence of a chemical“thick disk”(Yoshii 1982; Gilmore
& Reid 1983) that comprises largely old stars enhanced in
the α elements, along with a younger chemical “thin disk” of
roughly solar abundance (e.g. Chiappini et al. 1997; Bensby
et al. 2003; Haywood et al. 2013; Xiang et al. 2017; Wu et al.
2019).
The position of the MW in the context of the general
galaxy population remains of particular interest. However,
the MW’s global properties have remained relatively poorly
constrained, due to the relative difficulty in studying such
properties from our position within the MW’s disk (for re-
views, see Bland-Hawthorn & Gerhard (2016) and Barbuy
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et al. (2018)). For example, interstellar dust preferentially
reddens the colours of distant stars (while also obscuring
much of the UV/optical MW from view; e.g. Schlegel et al.
1998; Schlafly & Finkbeiner 2011), and large fractional dis-
tance uncertainties complicate the interpretation of observed
kinematical and chemical patterns. In addition, the observ-
ables and methods used for studying the MW are different
than for external galaxies - utilizing properties of individ-
ual stars as opposed to integrated quantities - and so suf-
fer from different systematics and biases. As a result, the
MW’s position relative to the wider galaxy population re-
mains only partially understood. This is an unfortunate sit-
uation, as MW observations allow us to study galaxy evolu-
tion on far smaller scales than is possible with extragalactic
objects (see, for instance, the reviews of Ivezic´ et al. (2012)
and Heyer & Dame (2015)).
A further complication is that the MW may not be a
typical star-forming spiral galaxy as has traditionally been
assumed. After converting van der Kruit (1986)’s Johnson
(B − V ) color measurement of the MW to an SDSS AB
(u − r) color, Mutch et al. (2011) find the MW to be con-
sistent with the green valley on the color–mass diagram;
however, the uncertainty in the MW’s color was too large to
draw a strong conclusion at the time. The MW also appears
to be unusually compact for a spiral galaxy of its stellar
mass (e.g. Licquia et al. 2016), as well as having satellite
galaxies that are fewer in number (e.g. Bullock 2010) and
more compactly distributed (e.g. Yniguez et al. 2014) than
around other galaxies of similar stellar mass. The MW has
also previously been claimed to be an outlier from the Tully-
Fisher relation (Tully & Fisher 1977), appearing deficient in
stellar luminosity with respect to its rotational velocity (e.g.
Hammer et al. 2007); however, Licquia et al. (2016) argue
such findings to be due to measurement systematics, and
find the MW to be consistent with the Tully-Fisher relation
from more recent MW measurements.
Milky Way Analogs (MWAs) offer a chance to recon-
cile Galactic and extragalactic observations by providing ob-
servers with an external, global view of MW-like objects.
MWAs allow one to estimate integrated properties of the
MW that cannot otherwise be calculated robustly or di-
rectly, by assuming the MWA properties to be representa-
tive of what would be calculated for the MW by an exter-
nal observer or, more conservatively, that the properties of
the Milky Way should lie within the range spanned by an
MWA sample. In addition, observations of MWAs may be
compared directly with observations of the MW in certain
cases. As such, MWAs allow us to place the MW within the
context of the wider galaxy population.
There is no single definition for what makes a galaxy
a MWA; rather, the definition may (or must) be tailored
depending on the goals of a particular study. Galaxies may
be identified as being MW-like on the basis of having simi-
lar qualitative characteristics to the MW, such as the pres-
ence of a boxy/peanut bulge (e.g. Georgiev et al. 2019; Ko-
rmendy & Bender 2019), or on the basis of their position
relative to the MW in a given parameter space. Licquia
et al. (2015, hereafter L15), select a large photometric MWA
sample on the basis of total stellar mass and current star
formation rate. L15 obtain MW values of these parameters
from Licquia & Newman (2015), who employ a hierarchi-
cal Bayesian analysis to combine the results of numerous
previously-reported measurements. L15 use their sample to
estimate the integrated color and optical magnitude of the
MW via the Copernican assumption that the position of the
MW in color-magnitude space should not be extraordinary
compared to a sample of galaxies spanning the range of its
possible stellar mass and star formation rate. L15 find their
results to be consistent with the MW occupying the green
valley region of the color–magnitude diagram, in agreement
with Mutch et al. (2011) but with significantly less uncer-
tainty.
Recently, a sample of MWAs was observed as part of
the Mapping Galaxies at Apache Point Observatory survey
(MaNGA; Bundy et al. 2015), to expand upon the MWA
technique and take advantage of the rich IFU data offered by
the MaNGA dataset. In this paper, we explore the properties
of these MWAs as revealed through MaNGA. We investigate
the range of properties displayed by the MWAs in terms of
stellar kinematics, stellar populations, and ionised gas. We
also compare the metallicity gradients we measure for the
MWAs with gradients measured for the MW. In this way, we
aim to test the self-similarity of the MaNGA MWA samples,
as well as to assess how truly representative they are of the
MW itself.
The structure of this paper is as follows: we introduce
our MWA sample in § 2, describe the methods used for
analysing our sample in § 3, and present our results in § 4.
We discuss our findings in § 5, before summarizing and con-
cluding in § 6.
2 SAMPLE AND DATA
We employ a sample of MWAs observed by MaNGA (Bundy
et al. 2015), which is part of the Sloan Digital Sky Sur-
vey IV programme (SDSS-IV; Blanton et al. 2017). The
final MaNGA sample will consist of approximately 10,000
galaxies with redshifts 0.01 < z < 0.18, spanning a wide
range in galaxy morphologies and selected to be have an
approximately flat distribution in terms of log(mass) (Yan
et al. 2016b; Wake et al. 2017). Observations are taken us-
ing the BOSS spectrograph (Smee et al. 2013) on the 2.5 m
Sloan telescope at Apache Point Observatory (Gunn et al.
2006). The spectra have a wavelength range of 3600–10000 A˚
and a spectral resolution of R ' 2000 (Drory et al. 2015);
such a wide wavelength range is useful for breaking the
age-metallicity degeneracy, which is easier to constrain with
wider spectral ranges (e.g. Pforr et al. 2012). MaNGA’s in-
dividual IFUs consist of hexagonal fibre bundles containing
19–127 optical fibres (each with diameter 2′′), with a three-
point dithering pattern employed during observations in or-
der to fully sample the targeted field of view (Drory et al.
2015; Law et al. 2015). Observations are reduced through the
MaNGA Data Reduction Pipeline (DRP; Law et al. 2016;
Yan et al. 2016a), which flux-calibrates and sky-subtracts
spectra before drizzling observations onto spaxels of width
0.5′′ × 0.5′′. Flux calibration is performed using standard
stars observed with fibre bundles of 7 fibres apiece. The final
reconstructed datacubes have a point-spread function (PSF)
full-width at half-maximum (FWHM) of approximately 2.5′′
(Law et al. 2015).
In the remainder of this section, we describe the sample
of MWAs used in our analysis. We will refer to individual
MNRAS 000, 1–32 (2019)
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galaxies from this point onwards by their SDSS plate number
and MaNGA IFU designation; for instance, the galaxy 8137-
12703 has a plate number of 8137 and an IFU designation
of 12703.
2.1 Sample selection
Our galaxy sample is drawn from a ancillary MaNGA obser-
vation program aimed at observing MWA galaxies. This pro-
gram set out to observe “structural” MW analogs, selected
based on their stellar masses (M∗) and bulge-to-total (B/T)
ratios. Stellar masses were obtained from the MPA-JHU cat-
alog1, while r-band B/T values were obtained from the PSF-
convolved bulge-disk decompositions of Simard et al. (2011).
Galaxies were then selected as analogs in a manner similar to
that described in L15: pairs of values in M∗–B/T space were
randomly drawn based on the MW’s M∗–B/T joint proba-
bility distribution function (PDF) as derived in Licquia &
Newman (2016), who use a heirarchical Bayesian analysis
to combine the results of many individual MW studies in
an almost-identical manner to Licquia & Newman (2015).
For each drawn pair of values, a nearby galaxy was then
randomly selected for inclusion in the sample. A statisti-
cal MWA sample can then be constructed by repeating this
process thousands of times.
In principle, one could attempt to select MWAs using
a larger number of simultaneous selection parameters, as
well as more stringent constraints on a given parameter, in
order to create a sample of galaxies with properties that
may be closer to the true properties of the Milky Way. In
practice, however, such an approach has a number of issues.
One problem is that our understanding of the MW is still
evolving, meaning that MWA samples with highly-specific
criteria may well become obsolete as our understanding of
the MW grows. At the same time, sample sizes for MWAs -
even drawing from large datasets such as SDSS - quickly be-
come vanishingly small as an increasing number of selection
criteria are considered.
We illustrate the latter problem with the following exer-
cise. First, we select from the catalog of Simard et al. (2011)
all galaxies with disk scale radii between 2.51 and 2.93 kpc
and with r-band B/T values between 0.13 and 0.19, using the
results from the n = 4 bulge-plus-disc Sersic fits described in
that paper. Our parameter ranges are based on the 1σ con-
fidence ranges reported in Licquia & Newman (2016). This
yields a sample of 6648 galaxies. Next, we cross-reference
with the MPA-JHU catalogue, finding 4120 out of the 6648
galaxies selected from Simard et al. (2011), and we extract
global stellar masses and star formation rates for all found
galaxies. Of these 4120 galaxies, we then select those with
stellar masses between 4.6 × 1010 M and 7.2 × 1010 M,
and with current star formation rates between 1.46 M yr−1
and 1.84 M yr−1, based on the 1σ confidence ranges of
Licquia & Newman (2016) and Licquia & Newman (2015)
respectively. We find only 15 galaxies that satisfy these ad-
ditional cuts, and none of these galaxies are found when
cross-matching with version 2.5.3 of the MaNGA drpall file,
which catalogs all galaxies in MaNGS Produce Launch 8
(MPL-8). Even if we drop our star formation rate criterion,
1 https://www.sdss.org/dr14/spectro/galaxy_mpajhu/
we find just one galaxy in drpall that satisfies the remain-
ing criteria. A similar example of this problem can be found
in Fraser-McKelvie et al. (2019a), who select a sample of
MWAs based on M* and B/T along with the presence of
bar and spiral features; out of the entire SDSS galaxy sam-
ple, Fraser-McKelvie et al. (2019a) find just 176 (∼0.01%)
galaxies that satisfy their criteria.
By exploring a sample based on stellar mass and B/T
ratio, we are selecting MW analogs using only a fraction
of the full range of possible selection criteria; as such, the
selected MWAs can be expected to span a range of values
in alternative parameter spaces. We do not assert that these
galaxies represent the bulk population of sampled galaxies in
the covered mass range, nor do we assert that each individual
MWA in our sample is a perfect match to the MW. Rather,
we simply make the Copernican assumption that that the
MW should not be extraordinary among a set of galaxies
selected to span its possible properties. As such, by studying
MWAs in MaNGA, we can begin to visualise how the MW’s
parameter PDFs may be sampled through IFU observations,
and how similarity in certain types of galaxy parameter is or
is not predictive of similarity in other types of parameters.
2.2 MWA sample overview
Our MWA sample comprises 62 structural analogs included
within the 6507 MaNGA galaxies in the MPL-8 data release.
The data from MPL-8 will be be released in SDSS Data
Release 17 (DR17).
As part of our analysis, we have collated a number of
parameters for each galaxy that have been previously pub-
lished in the literature. We use position angles, ellipticities,
NASA-Sloan Atlas (NSA2) redshifts and half-light radii from
version 2.5.3 of the MaNGA drpall file; in all cases, these are
obtained from the SDSS elliptical Petrosian apertures. We
obtain radial disk scale-lengths and r-band B/T ratios from
Simard et al. (2011) and global SFRs from the MPA-JHU
catalogue, in line with the sample selection performed in
L15. The properties of the galaxy sample are summarized
in Table 1. We note a variety of IFU sizes, as indicated by
galaxies’ IFU designation numbers. It is tempting, at first
glance, to narrow our focus on galaxies with the largest IFU
sizes when considering galaxy properties as functions of po-
sition; however, restricting samples to large IFU sizes is ex-
pected to bias samples towards blue galaxies of lower surface
brightness (Wake et al. 2017), and so we made no such re-
striction when selecting this sample. Thus, as a consequence
of the MaNGA sample selection, we include galaxies that are
observed with smaller IFU sizes - and so not fully resolved
in their centres - in order to avoid this bias.
We plot the color–magnitude distribution of the MWA
sample in Figure 1, along with that of the full MaNGA
MPL-8 dataset and the L15 MW values. Our MWA sam-
ple comprises objects of intermediate color and magnitude,
with significant scatter. This distribution is similar to what
was shown for the star formation analogs of L15. We obtain
both colors and magnitudes for the MaNGA galaxies from
version 2.5.3 of the MaNGA drpall file, using values from
Sersic fits to SDSS imaging.
2 http://www.nsatlas.com
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MaNGA ID Plate IFU Dsgn. RA (deg.) DEC (deg.) log10(M∗/M) (B/T )r SFR (M/yr) Rd (kpc) z
1-603793 8079 12705 42.811312 -0.32925214 11.1±0.1 0.11 1.2±0.1 5.04 0.067
1-604085 8085 12704 52.619896 0.81149714 10.5±0.09 0.100 0.034±0.3 4.60 0.031
1-338796 8137 12703 116.16926 44.144409 10.7±0.09 0.16 0.32±0.3 2.10 0.038
1-338771 8141 12701 116.73264 44.265699 10.6±0.09 0.20 0.39±0.3 5.61 0.031
1-152596 8146 12702 116.83569 29.412934 11.0±0.1 0.19 0.13±0.6 8.14 0.063
1-460912 8241 3704 126.56891 17.362452 11.0±0.09 0.100 1.2±0.2 1.77 0.066
1-47120 8244 6101 130.45491 50.786425 11.1±0.09 0.18 0.88±0.3 8.16 0.054
1-47890 8244 9101 133.78758 52.470442 11.1±0.09 0.14 -0.31±0.6 5.09 0.058
1-277552 8257 12705 167.03456 45.984624 10.7±0.09 0.14 -0.11±0.5 6.17 0.036
1-282762 8263 6104 187.28568 46.881492 10.8±0.10 0.080 0.17±0.4 2.49 0.040
1-322787 8315 12705 235.92049 39.540357 10.6±0.1 0.24 0.85±0.2 7.22 0.063
1-422040 8444 12703 201.41111 33.680433 11.0±0.09 0.19 0.88±0.5 4.24 0.039
1-134239 8549 3703 241.41644 46.846561 10.8±0.10 0.23 -0.66±0.7 6.06 0.057
1-351566 8567 3701 118.10651 47.777979 10.5±0.10 0.16 -0.01±0.3 5.00 0.031
1-274323 8568 6103 155.37679 38.308947 10.9±0.10 0.040 0.074±0.3 5.99 0.055
1-197702 8595 3702 219.04276 50.518822 11.0±0.10 0.19 -0.20±0.7 5.36 0.069
1-135545 8601 6103 247.53037 40.880157 10.4±0.09 0.14 0.12±0.4 3.26 0.030
1-136125 8613 12702 254.04414 34.836520 10.5±0.09 0.18 -0.24±0.5 4.28 0.032
1-177061 8614 6101 256.75708 34.389276 10.8±0.08 0.060 0.88±0.2 5.38 0.071
1-180039 8615 9102 321.47404 0.41605877 10.5±0.09 0.090 0.34±0.3 2.63 0.032
1-403703 8934 12701 196.16279 28.628904 10.6±0.09 0.19 0.49±0.3 4.79 0.057
1-174618 8947 12703 172.88669 49.857504 11.1±0.09 0.12 0.069±0.6 9.64 0.069
1-135626 8978 9102 248.51518 41.240258 10.8±0.09 0.15 -0.75±0.7 4.38 0.061
1-248420 8979 6102 241.82339 41.403604 10.8±0.09 0.100 0.024±0.4 5.48 0.035
1-248405 8979 9101 241.27859 42.037358 11.0±0.09 0.16 0.084±0.6 5.57 0.077
1-416039 8985 9102 205.87340 31.003218 11.0±0.10 0.23 0.32±0.5 5.59 0.065
1-296824 9028 9101 243.02559 28.498866 10.9±0.09 0.15 0.86±0.2 8.18 0.053
1-134620 9031 12703 242.81922 45.121318 10.6±0.10 0.22 -0.78±0.6 7.22 0.055
1-296659 9040 6102 243.41436 27.592856 10.8±0.10 0.050 0.21±0.4 4.84 0.066
1-296537 9040 9102 245.47816 26.600483 10.9±0.09 0.14 -0.09±0.5 1.86 0.064
1-318334 9095 9102 243.08489 23.002020 10.6±0.09 0.100 0.43±0.2 4.53 0.032
1-51296 9189 9101 50.416587 -6.6356147 10.6±0.09 0.19 0.33±0.3 3.17 0.035
1-37601 9192 12704 46.285743 0.34344304 10.8±0.09 0.20 0.65±0.3 4.11 0.044
1-24822 9196 6104 262.31772 54.205924 10.9±0.09 0.21 0.99±0.2 7.45 0.079
1-24814 9196 9101 262.65063 54.101229 10.8±0.1 0.070 -0.08±0.5 4.07 0.062
1-122002 9485 1901 120.77803 37.023557 10.7±0.09 0.24 1.2±0.09 3.42 0.071
1-72207 9486 12702 121.12960 40.206045 10.8±0.09 0.100 0.83±0.3 4.94 0.040
1-44618 9487 12701 122.52287 46.193025 10.7±0.09 0.16 0.12±0.3 6.25 0.032
1-382809 9491 12704 119.53574 19.550146 10.6±0.09 0.13 0.80±0.2 5.75 0.062
1-298298 9496 9102 120.53836 21.252763 10.6±0.08 0.17 -0.91±0.6 2.81 0.030
1-145679 9499 12703 118.42323 26.492699 10.8±0.09 0.13 0.00±0.5 3.24 0.037
1-605531 9506 3701 133.56990 27.266526 10.9±0.08 0.19 1.2±0.2 3.82 0.064
1-41746 9514 9101 31.682736 13.371629 10.7±0.10 0.25 0.24±0.4 6.64 0.061
1-271967 9866 12701 242.35067 33.000246 10.9±0.1 0.17 0.26±0.4 3.37 0.053
1-321271 9868 12705 218.87457 46.202391 10.9±0.09 0.17 0.69±0.3 6.43 0.073
1-294374 9894 6104 250.90783 21.691287 10.6±0.09 0.13 0.52±0.2 3.20 0.035
1-122611 10213 1902 123.45312 41.649479 10.9±0.1 0.17 0.39±0.5 9.34 0.049
1-153613 10215 9102 122.39068 36.985267 10.4±0.09 0.13 -0.05±0.5 5.28 0.041
1-153693 10215 12705 122.98448 36.424268 10.7±0.10 0.070 0.27±0.4 3.28 0.074
1-297871 10216 6102 116.73020 18.482376 10.8±0.09 0.090 0.26±0.3 9.52 0.044
1-297854 10216 6104 117.43277 18.918596 10.9±0.1 0.18 0.39±0.3 3.96 0.048
1-458727 10217 3703 119.29321 14.658764 10.8±0.09 0.21 0.72±0.3 3.62 0.048
1-412119 10218 12701 117.85779 16.601841 10.7±0.09 0.12 0.33±0.3 3.32 0.054
1-202008 10220 6104 121.71814 32.250329 10.7±0.10 0.18 0.27±0.2 2.87 0.040
1-153142 10220 12702 120.48960 33.164591 10.9±0.09 0.070 -0.24±0.7 3.60 0.038
1-201934 10220 12705 120.55032 32.315051 10.8±0.09 0.100 0.47±0.3 3.14 0.037
1-352102 10493 3701 122.85428 52.530381 10.8±0.09 0.21 0.66±0.3 5.08 0.071
1-352513 10494 6101 123.25528 54.521178 10.7±0.09 0.19 0.29±0.3 5.29 0.041
1-383135 10497 6101 119.99119 17.847843 11.0±0.09 0.12 0.85±0.3 4.07 0.062
1-385544 10498 3701 130.71740 25.642697 10.8±0.09 0.14 0.32±0.3 3.34 0.054
1-278191 10509 3704 167.56430 46.441525 10.7±0.09 0.13 0.78±0.1 9.39 0.036
1-78856 10517 12703 151.39912 4.2794104 11.0±0.09 0.11 0.72±0.4 3.94 0.063
Table 1. Summary of MWA sample parameters. Columns from left to right: MaNGA ID number, SDSS plate number, IFU designation,
MPA-JHU stellar mass, MPA-JHU star formation rate, bulge-to-total ratio in the r-band, disk scale-length, NSA heliocentric redshift.
Bulge-to-total ratios and disk scale lengths are from Simard et al. (2011). SFRs are in units of M/yr.
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Figure 1. Color–magnitude diagram of the MWA sample, with
a density map for all galaxies in MaNGA MPL-8 with available
color–magnitude data as the background greyscale. Blue circles
indicate MWAs, and the green point shows the best-fitting MW
position from L15.
In Figure 2, we present our MWA sample’s distribu-
tion of stellar mass and B/T, with the MW values also
shown for comparison (Licquia & Newman 2015). We see
that the MWA sample centres around the MW values as
expected, though with non-negligible levels of scatter. This
scatter is due in part to the analog sample being designed
to sample the PDF of the MW, rather than solely being se-
lected around the current best-fitting MW values. In addi-
tion we note that many of the currently available MWAs are
serendipitously-observed galaxies from the main MaNGA
sample rather than being high-priority MWA targets; such
galaxies were independently selected for inclusion in the
target list for the MWA MaNGA ancillary program, but
were subsequently observed instead as members of the main
MaNGA galaxy sample. We will further explore the MWAs’
similarity to the MW in M-B/T space and also in other pa-
rameter spaces in § 4.6
2.3 MaNGA Data Analysis pipeline
We employ the unbinned per-spaxel emission line measure-
ments from the MaNGA data analysis pipeline (DAP; West-
fall et al. 2019; Belfiore et al. 2019). We retrieved DAP cubes
using the Marvin interface (Cherinka et al. 2018) to ob-
tain equivalent width (EW) and flux measurements for the
following emission features, calculated via Gaussian emis-
sion line fits: Hα, Hβ, [O III]4959,5007, [N II]6548,6583 and
[S II]6716,6731. We also extract model emission line spectra
for each individual spaxel.
To assess the impact of using Gaussian fit measure-
ments, we also extracted Hα EWs from the DAP as ob-
tained from non-parametric emission line flux measure-
ments. The non-parametric flux measurements and subse-
quent EW measurements are described in Section 9.1 of
Westfall et al. (2019). In brief, spaxel spectra are continuum-
subtracted and flux measurements are then performed by
Figure 2. R-band bulge-to-total (B/T) ratio plotted against
galaxy stellar mass. The Milky Way mass and B/T values from
Licquia & Newman (2015) are also shown in red.
summing the resulting emission spectra over all wavelength
ranges of interest, after subtracting a linear baseline from
each emission feature. We selected all spaxels with S/N val-
ues greater than 4, and then further selected all of those
spaxels for which both Hα EW values were greater than
0.5 Angstrom. We compare the resulting two sets of values
in Figure 3. Outside of a small number of outliers, we find
the values to follow a 1–1 relation with little scatter. From
this, we conclude that the choice of Gaussian over direct flux
measurements does not impact the analysis.
3 SPECTRAL MODELLING
In this section we describe our analysis of the MaNGA spec-
tra, carried out using the Penalised Pixel Fitting (pPXF)
method of Cappellari & Emsellem (2004), including the up-
grade described in Cappellari (2017). The pPXF routine fits
an observed galaxy spectrum G(x) with an optimised tem-
plate Gmod(x). This fit is carried out directly in pixel-space
(as opposed to using Fourier-based techniques), with both
G(x) and Gmod(x) logarithmically binned in wavelength.
For the remainder of our analysis, we restrict our galaxy
spectra to a rest-frame wavelength range of 3900–6800
Angstroms, based on galaxies’ NSA heliocentric redshifts.
This wavelength range is chosen to best match the range
of the ELODIE spectral library of observed stars (Prugniel
& Soubiran 2001), which we employ in our measurement of
stellar kinematics (§ 3.1).
Before applying pPXF, we subtracted the DAP emission
line models from the MaNGA datacubes, and then spatially
binned spectra in the galaxies’ outer regions in order to im-
prove the signal-to-noise ratio (S/N). We carried out this
binning using the Voronoi binning method of Cappellari &
Copin (2003). We used a target S/N of 20 when possible,
though for one galaxy (9196-9101) we found it necessary to
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Figure 3. Comparison of Hα EWs measured via Gaussian fits to
emission line features vs those obtained non-parametrically. We
show all spaxels for which the EWs are greater than 0.5 A˚ and the
S/N greater than 4; these show a 1–1 relation with small scatter.
lower this target to 15 to prevent excessive binning. We ob-
tained S/N values for each spaxel from the MaNGA DAP,
and we approximated the covariance between neighbouring
MaNGA spaxels using Equation 9 of Law et al. (2016). We
restrict our binning (and subsequent analysis of binned prop-
erties) to spaxels with S/N values of 4 or greater, of which
11% have S/N values greater than 20 before binning. Over-
all, our binning target is aimed at improving the S/N for
measuring stellar populations while preserving spatial infor-
mation as much as possible. For the remainder of this paper,
we refer to all spectra in the Voronoi-binned datacubes as
“binned” spectra, including spectra from unbinned spaxels
in these cubes. Likewise, we will refer to all Voronoi regions
in a given datacube as “bins”, including those regions which
consist of a single (unbinned) spaxel.
We obtain an average of 215 Voronoi bins for each
galaxy, with a standard deviation of 154. In turn, we achieve
a mean S/N of 19.4 with a standard deviation of 5.8. We note
a minority of bins to fall significantly below our desired S/N
target, with 13.7% of bins yielding S/N values less than 15.
Such bins are typically located in the outer regions of our
sample galaxies.
3.1 Stellar Kinematics
We extracted stellar kinematics by using pPXF to fit
ELODIE medium-resolution stellar spectra (Prugniel &
Soubiran 2001) to our galaxy spectra. We chose to use
ELODIE for stellar kinematics due to its significantly higher
spectral resolution (R = 10, 000) when compared to the
MaNGA data. We broadened the ELODIE spectra to match
the median MaNGA resolution FWHM for each galaxy
separately over the wavelength range of interest. We ex-
cluded from this process any ELODIE templates identified
as emission-line stars. These templates were identified by
measuring the flux over a 16 A˚ region centred around Hα
and then measuring the flux of a region defined by drawing
a straight line between the pixels at the edges of the 16 A˚
region; for stars with an Hα absorption feature, the former
flux will be lower, while for stars with an emission feature it
will be higher. We exluded templates for which the former
flux was more than 1% higher than the latter flux, resulting
in a library of 1876 empirical ELODIE templates.
We fitted each binned spectrum for the stellar line-of-
sight velocity and velocity dispersion. For our implementa-
tion, we also allow for a 6th-order multiplicative Legendre
polynomial. As such, the model spectrum Gmod(x) takes the
form
Gmod(x) =
K∑
k=1
wk[L(cx) ∗ Tk(x)]×
L∑
l=1
blPl(x), (1)
where spectra have been rebinned such that x = lnλ. The
broadening function is L(cx), T is a set of distinct stellar
templates, and wk is the array of optimal weights of those
templates, with ∗ describing convolution. Pl(x) are Legendre
polynomials of order l, with bl the corresponding weights,
that allow pPXF to correct any low-frequency differences
between model and data.
We begin our implementation by performing an initial
pPXF fit to the center-most spectrum of each galaxy, for a
systemic velocity estimate to use as a starting guess for all
subsequent pPXF calls. We mask the 5577 A˚ and 5899 A˚
sky emission lines from this fit, along with the NaID region.
We perform this masking for all subsequent fits for stellar
kinematics. We have chosen to mask the NaID feature due to
its sensitivity to dust extinction (e.g. Richmond et al. 1994;
Poznanski et al. 2012), which we expected to be significant
for the more edge-on galaxies in our sample. Our pPXF im-
plementation cannot account for such an effect, leading to
high residuals around this region in cases where the dust
extinction is high.
We pre-select ELODIE spectra for each galaxy by per-
forming an additional pair of pPXF fits — to the center-most
spectrum for that galaxy and to the total integrated galaxy
spectrum — and then selecting the ELODIE templates given
non-zero weight in either of the two fits. An alternative ap-
proach would be to use the full ELODIE library to fit each
binned galaxy spectrum individually; we elect not to do this
due to such a method being computationally prohibitive.
While running pPXF for all binned galaxy spectra, we
determine random measurement errors by adding Gaussian
noise to the spectra and rerunning the fits over 100 Monte-
Carlo resimulations with zero bias; such a technique is com-
monly used for underdstanding uncertainty in spectral fit-
ting, in the case of pPXF along with other spectral fitting
codes (e.g. Cid Fernandes et al. 2014; Garc´ıa-Benito et al.
2015; Sa´nchez et al. 2016b). In each case, we recorded mea-
surement errors as the standard deviation of the parameters
obtained from the 100 resimulations; we obtain the standard
deviation in this case and in all subsequent cases using the
robust sigma IDL routine. In each case, we set the noise level
for these resimulations as follows: We calculate the standard
deviation of the residuals for the initial pPXF to that spec-
trum, and we divide the median flux of the spectrum though
by this value to estimate a “fit S/N” (similarly to, e.g. Kra-
jnovic´ et al. 2015), hereafter (S/N)fit. For each simulation,
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the pixels in the spectrum are then perturbed by a number
drawn from a random normal distribution with width equal
to the flux of the pixel divided by (S/N)fit.
We find median overall error values of 3.7 km s−1 and
7.9 km s−1 for velocity and velocity dispersion, respectively.
By design, the calculated errors depend significantly on the
achieved (S/N)fit. For binned spectra with (S/N)fit > 20, we
find median error values of 3.4 km s−1 and 5.3 km s−1 for ve-
locity and velocity dispersion, respectively, while for spectra
with (S/N)fit < 20 we find median velocity and dispersion
error values of 5.5 km s−1 and 10.6 km s−1. We note here
that the calculated velocity dispersions in our galaxies’ out-
skirts are frequently well below the MaNGA instrumental
resolution of ∼77 km s−1, which will affect the accuracy of
derived dispersions; this problem is discussed in the context
of MaNGA data in Penny et al. (2016) and Westfall et al.
(2019).
In a future paper, we will employ dynamical models to
further study the kinematics of the MWA sample and their
dynamical mass contents.
3.2 Stellar populations
We next employ pPXF to measure the ages, metallicities
([Z/H]), and r-band mass-to-light ratios (M∗/Lr) of the
MWAs’ stellar populations. We note that our chosen wave-
length range includes a number of absorption features that
are individually sensitive to stellar metallicity and stellar
age, and so we expect the impact of the age-metallicity de-
generacy on our fitting to be limited so long as a good fit
is achieved to a given spectrum. Our pPXF fits allow for a
Calzetti et al. (2000) gas reddening law, with the amount of
reddening fitted along with the stellar templates. We do not
include regularisation in these fits.
We use for templates here the E-MILES library of sim-
ple stellar population (SSP) models (Vazdekis et al. 2016).
We use base-Fe models with BaSTI isochrones (Hidalgo et al.
2018) and a revised Kroupa (2001) initial mass function
(IMF), which takes into account the effects of unresolved
binaries. We select SSP models to span a wide grid in age
and metallicity, with approximately logarithmic spacing in
terms of both of these parameters. We use model ages of
0.03, 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1, 1.5, 2.25, 3.25, 4.5, 6.5, 9.5,
and 14 Gyr. We use model metallicity [Z/H] values of −1.49,
−1.26, −0.96, −0.66, −0.35, +0.06, and +0.26; this metal-
licity range is chosen to reside entirely within the MILES
SAFE ranges. We assume that [Z/H] = [Fe/H] for these
models; however, given that input stars for these models
follow the MW abundance distribution, this assumption is
only strictly true at high metallicities (Schiavon 2007, Table
6)3.
For these pPXF fits, we again masked the 5577 and
5899 Angstrom sky emission regions, as well as the NaID ab-
sorption region. We broadened the model spectra to match
the MaNGA resolution in the same manner as the ELODIE
spectra (§ 3.1). To assess the impact of fitted stellar kine-
matics on derived population parameters, and in turn to
3 http://www.iac.es/proyecto/miles/pages/ssp-models/
name-convention.php
assess the importance of the metallicity-dispersion degener-
acy (e.g. Koleva et al. 2008; Sa´nchez-Bla´zquez et al. 2011)
on our results, we performed two sets of pPXF fits: in one
set, we fix the stellar velocity dispersions to those derived
by ELODIE, while in the other set we leave the kinematics
as free parameters.
We calculated light-weighted values for the log(age),
metallicity, and mass-to-light ratio using
Xlight =
∑K
k=1 wk × xk × Fk∑K
k=1 wk × Fk
, (2)
where x represents the parameter value of a given template,
X the final weighted value of that parameter, wk the tem-
plate weights and Fk the mean flux of a given template.
Likewise, for mass-weighted ages and metallicities we use
Xmass =
∑K
k=1 wk × xk∑K
k=1 wk
, (3)
where all symbols are as in Equation 2. We derive errors on
our stellar population values by performing 100 Monte-Carlo
resimulations with added Gaussian noise, using zero regular-
isation. We note that our M∗/Lr values are pure population
estimates, and so do not take the effects of dust-reddening
into account. We have elected to use logarithmic ages over
linear ages due to the approximately logarithmic spacing of
the SSP model grid in age.
In Figure 4, we compare the population parameters ex-
tracted from the two sets of pPXF population fits. We also
compare the SSP-derived kinematics with those calculated
from fits with ELODIE, in the case where the former is fit-
ted freely. We find that population parameters from the two
methods to have very similar values overall, though with
a slight tendancy towards higher velocity dispersions when
the E-MILES kinematics are fit freely along with a small
velocity offset of approximately 3 km/s. For the remainder
of our analysis, we will refer to our ELODIE calculations for
kinematics, and we will refer to E-MILES fits with kinemat-
ics fixed to the ELODIE stellar velocity dispersions for the
purpose of calculating stellar population properties.
3.3 Methods summary
In summary, we employ the pPXF fitting procedure in or-
der to measure the following parameters of interest over a 2D
FOV for each galaxy: stellar velocities, stellar velocity dis-
persions, stellar population ages, stellar population metal-
licities, and r-band mass-to-light ratios. For stellar ages
and metallicities, we obtain both mass-weighted and light-
weighted quantities. In Figure 5, we show an example pPXF
fit to a gas-cleaned spectrum from galaxy 8979-6102.
In Figure 6, we summarize the measurements described
thus far with parameter maps for this galaxy, along with an
optical SDSS image for reference.
4 RESULTS
In this section, we present results for our MWA sample in
terms of stellar kinematics (§ 4.1), stellar populations (§ 4.2),
and ionised gas (§ 4.3).
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Figure 4. Comparison of ELODIE-derived kinematics with those derived from E-MILES fits (left two windows), along with comparisons
of light-weighted and mass weighted ages (middle two windows) and light-weights and mass-weighted metallicities (right two windows),
for the cases with E-MILES kinematics freely fit and with E-MILES stellar velocity dispersions fixed to ELODIE values. We find that the
choice of fitting method makes has only a small effect on output stellar population parameters, though we note the velocity dispersion
from E-MILES to be higher on average.
4.1 Stellar kinematics results
We use our pPXF-derived stellar kinematics to construct 1-
dimensional spin profiles for each galaxy in our sample, using
the spin parameter λR (Emsellem et al. 2007). We note that
λR could also be derived from DAP data products or else
from the MaNGA Pipe3D VAC (Sa´nchez et al. 2018), but
for consistency with our stellar population results we report
it here as derived from our spectral fitting procedure. In the
case of two-dimensional spectroscopy, λR can be written as
λR =
〈∑NPi=1 FiRi|Vi|〉
〈∑NPi=1 FiRi√V 2i + σ2i 〉 (4)
where Ri represents the circular radius of a data point, Fi
the flux, Vi the stellar line-of-sight velocity, and σi the ve-
locity dispersion. Np represents total number of datapoints
within a given ellipse.
Before applying Equation 4, we correct our derived
velocity maps for their systemic velocity components. We
perform this correction by first subtracting the mean
stellar velocity from each map and then applying the
FIT KINEMATIC PA IDL routine4, which implements the
method described in Appendix C of Krajnovic´ et al. (2006)
and calculates a systemic velocity correction as part of fitting
for the kinematic position angle. We then project onto each
spaxel the kinematics values of its corresponding Voronoi
bin.
We apply Equation 4 over a series of elliptical apertures,
setting the aperture position angles equal to the kinematic
position angle for each galaxy, with the aperture axis ratio
b/a set equal to the SDSS elliptical Petrosian aperture axis
ratio for a given galaxy. We calculate λR over successively
larger apertures, with the maximum aperture size chosen to
be the largest value for which the aperture is at least 85%
filled with spectra.
We present λR profiles for our sample in Figure 7,
wherein we separate the MWAs in terms of ellipticity  =
1− b/a. Although the maximum values of the profiles show
the expected dependence with ellipticity, the qualitative be-
haviour of the profiles is similar: for the vast majority of
the MWAs, we find the λR profiles to rise throughout the
studied FOV. We note that we have not corrected our spin
4 https://www-astro.physics.ox.ac.uk/~mxc/software/
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Figure 5. Panel A: example pPXF fit to a gas-cleaned spectrum from galaxy 8979-6102. The black line shows the observed data, and the
red line the fitted ppxf model. Vertical green lines indicate masked regions, with the green and blue points indicating the fit and masked
residuals. Panel B: zoom-in on the region around the Hβ absorption feature. Panel C: zoom-in around the Hα absorption feature. Panel
D: residuals of the pPXF fit, plotted relative to the size of the corresponding error spectrum. Panel E: residuals of the pPXF fit, divided
by the input galaxy spectrum.
parameter values for seeing in this case, which was done for
MaNGA galaxies in Graham et al. (2018). Such a correction
would increase the measured spin parameter values, though
with significant corresponding uncertainties.
We compare the spin at 1 Re, λR(Re) (hereafter λe),
with galaxy ellipticity in Figure 8. We overplot the fast/slow
rotator dividing line suggested in Cappellari (2016). We find
our MWA sample is overwhelmingly comprised of rotation-
supported systems, with only one galaxy (9485-1901) falling
within the slow rotator region. Such a finding is a natural
consequence of the selection criteria behind this MWA sam-
ple, which prioritises galaxies with comparitively low bulge-
to-total ratios and so in turn favours the inclusion of rotating
disk galaxies.
4.2 Stellar populations results
We use our pPXF stellar population maps to construct 1-
dimensional stellar populations profiles.
We replicate all Voronoi bin parameter values onto in-
dividual unbinned spaxels. We place a series of elliptical an-
nuli over our MaNGA maps, with each annulus boundary
spaced by 0.1Re along the major axis. We set position an-
gles and ellipticities equal to the SDSS Petrosian aperture
position angles and axis ratios. The outermost annulus for
each galaxy is chosen such that the annuli remain within
the maximum radius calculated for the λR profiles; if this
results in any annuli falling wholly outside the data region,
then these annuli are discounted. We then take for each an-
nulus the encompassed spaxels’ flux-weighted parameter val-
ues and flux-weighted elliptical radii.
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Figure 6. pPXF-derived maps for galaxy 8979-6102, along with an SDSS thumbnail with the MaNGA FOV overlaid (magenta hexagon).
The black contours show mean r-band flux, with the white ellipses indicating one half-light radius.
Figure 7. Profiles of spin parameter λR for the MWA sample,
colored according to axis ratio  = 1 − b/a. Higher values of λR
indicate a greater degree of rotational support. We find the MWA
profiles generally increase with radius over the tested FOV. The
lowest blue line corresponds to galaxy 9485-1901; this line extends
to 3.4 Re and rises throughout.
We estimate the errors on all stellar population profile
parameters using
Figure 8. Spin parameter λR values at 1Re, compared to galaxy
ellipticity. The black line shows the fast/slow rotator dividing
line of Cappellari (2016) Our sample is dominated by galaxies
with significant rotation, as expected given the sample selection
criteria.
σann =
√(∑
Fiσ2i∑
Fi
)
(5)
where σann denotes the error in an annulus value, σi the
error of each Voronoi bin, and Fi the flux of each Voronoi
bin contained within the annulus.
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We then calculated the radial gradients in the stellar
population parameters by performing maximum-likelihood
fits of linear functions to profiles over a range of 0.5−1.5Re.
The minimum radius value is chosen to minimise the im-
pact of the MaNGA PSF on derived slopes as well as to
minimise the influence of the galaxies’ bulge regions (e.g.
Sa´nchez et al. 2012b, 2014; Gonza´lez Delgado et al. 2015;
Belfiore et al. 2017), while we have selected the maximum
value to ensure good coverage by the FOVs of the majority
of our galaxies. We chose to restrict our analysis to galaxies
for which full coverage of the this radial range was avail-
able, thus obtaining gradients for 44 MWAs overall. Tak-
ing the means and standard deviations of the gradients, we
find a light-weighted age gradient of −0.22 ± 0.22 dex R−1e
and a mass-weighted age gradient of −0.10± 0.05 dex R−1e .
For light-weighted metallicity, we find a gradient of −0.13±
0.15 dex R−1e , while for the mass-weighted case we find a
metallicity gradient of −0.16± 0.13 dex R−1e .
In Figure 9, we present light-weighted and mass-
weighted profiles of stellar population ages and metallicities
calculated for the 62 MWAs. We also present histograms of
gradients for the 44 MWAs with profiles that fully span the
range 0.5−1.5Re. We note an offset of ∼0.2 dex between the
light-weighted and mass-weighted metallicities; this is due to
our pPXF fits favouring old and metal-rich SSP model com-
ponents, which influence the mass-weighted values but have
a smaller impact on the light-weighted values. We also note
that the light-weighted age profiles are not ideally fit by a
single line, with a break in the mean profiles apparent be-
tween 0.5 and 1Re. However, we continue to use linear fits
for more straightforward comparisons with existing litera-
ture, including that based on analysis of MaNGA data.
We obtain a wide range of central (light-weighted) ages
for the galaxies, though the mass-weighted age fits are pre-
dominantly old. This range of light-weighted ages can be
understood by the scatter in color-magnitude space among
the MWAs. Given the Milky Way’s apparent status as a
green valley galaxy, we interpret the MWAs as being in dif-
ferent stages of a transition from star-forming to quiescent,
with small changes in color corresponding to large changes
in transition stage and hence large changes in the inferred
central galaxy stellar age.
In Table 2, we present our derived gradients for the
MWAs along with results from other, larger galaxy samples
in the literature. We compare our results with those of Zheng
et al. (2017) for MaNGA disc galaxies, along with CALIFA
results for disc galaxies from Sa´nchez-Bla´zquez et al. (2014).
We also compare with Gonza´lez Delgado et al. (2015), who
study a sample of 300 CALIFA galaxies spanning a range of
morphologies. We find our mean mass-weighted gradients to
be similar to those of Zheng et al. 2017. We note our popula-
tions gradients to be somewhat steeper than those calculated
Sa´nchez-Bla´zquez et al. (2014) on average, possibly due to
Sa´nchez-Bla´zquez et al. (2014) specifically calculating gra-
dients over regions of disk domination. We also find the age
gradients of Gonza´lez Delgado et al. (2015) to be signifi-
cantly steeper on average than what we find in this present
study. This difference can be understood in light of the sen-
sitivity of age calculations to different weighting schemes, as
well as the different fitting methods used to obtain stellar
population parameters between studies. The different radial
ranges employed for calculating gradients in different studies
are another relevant factor.
When comparing our calculated metallicity gradients
to those calculated for the Milky Way, we assume for the
MILES models that [Z/H] = [Fe/H]. Taking the galaxies
for which we obtain sufficient radial coverage, we obtain
light-weighted metallicity gradients with mean and stan-
dard deviation −0.022 ± 0.024 dex kpc−1, while for the
mass-weighted case we obtain −0.026 ± 0.023 dex kpc−1.
We compare this to the MW radial gradients in metallic-
ity obtained by Hasselquist et al. (2019) along the Galactic
midplane using APOGEE observations of red giant branch
stars. Hasselquist et al. (2019) calculate profiles of [Fe/H] for
stars of various ages and find young stars to display steeper
metallicity gradients than older stars, in line with previous
findings (e.g., Anders et al. 2017), as well as with the results
of MW chemodynamic models (e.g., Minchev et al. 2013,
2014). They report a gradient of −0.06 dex kpc−1 for stars
younger than 2.5 Gyr and a gradient of −0.016 dex kpc−1 for
stars older than 10 Gyr, both measured over Galactocentric
radii between 6− 12 kpc.
As such, our gradients appear in good consistency with
the MW measurement for old (> 10 Gyr) stars, while being
significantly flatter than measured for younger (< 2.5 Gyr)
MW stars. Given the young light-weighted stellar ages we
observe for most MWAs beyond 1Re (see the top left win-
dow of Figure 9), and given that the light-weighted metal-
licity gradients would be expected to be dominated by the
influence of young stars, this is not what would naively be
expected.
When scaling by disk scale length, however, we find our
gradients to be in closer agreement with that of young MW
stars. Taking our previous-reported gradient in dex kpc−1
and scaling by disk scale length, we find a light-weighted
and mass-weighted metallicity gradient of −0.09± 0.11 and
−0.11± 0.09 dex R−1d , respectively, where the stated errors
are again the robust standard deviations. If we scale the
Hasselquist et al. (2019) gradients by a MW disk scale length
of 2.71 kpc (calculated by Licquia & Newman 2016, from
optical data), meanwhile, we find metallicity gradients of
−0.16 dex R−1d and −0.043 dex R−1d from the fits to young
and old MW stars, respectively. It is worthwhile to consider
the disk scale length along with the (total) effective radius
in this case, since the former measure specifically quantifies
the extent of galaxies’ disk components; disk effective radii
(e.g. Sa´nchez et al. 2014) would also be viable in this regard.
Figure 10 compares our MWA metallicity gradients to
gradients of the Milky Way, in units of both dex kpc−1
and dex R−1d . We find that the MWA gradients are largely
inconsistent with the MW young star gradient in physical
units, but find greater agreement (particularly for our mass-
weighted metallicity gradients) when scaled with Rd. As
such, we argue that the MW’s relatively small disc scale ra-
dius can at least partially explain offsets between the MWA
gradients and the MW gradient for young stars.
4.3 Ionised gas results
We now consider what we can learn from the emission line
measurements described in the previous section. In § 4.3.1,
we classify galaxies in terms of their ionised gas emission,
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Figure 9. Stellar population profiles (top) and histograms of linear gradients fitted between 0.5Re to 1.5Re for galaxies with sufficient
radial coverage. The black solid lines in the top panels show the mean profiles calculated over 0.1Re radial bins, with radius given as the
mean of all radii in a given bin, with the red dashed line showing the results of a linear fit between 0.5Re to 1.5Re.
∇log(age) ∇[Z/H] Weighting Range Ref.
−0.22± 0.22 dex/Re −0.13± 0.15 dex/Re Light 0.5-1.5Re This paper
−0.10± 0.05 dex/Re −0.16± 0.13 dex/Re Mass 0.5-1.5Re This paper
≈ −0.4 dex/Re ≈ −0.1 dex/Re Mass 0-1Re Gonza´lez Delgado et al. (2015)
−0.08± 0.02a dex/Re −0.14± 0.02a dex/Re Mass 0.5-1.5Re Zheng et al. (2017)
−0.116± 0.200 dex/re −0.089± 0.151 dex/re Light rd0-1.5reb Sa´nchez-Bla´zquez et al. (2014)
−0.014± 0.135 dex/re −0.051± 0.26 dex/re Mass rd0-1.5reb Sa´nchez-Bla´zquez et al. (2014)
Table 2. Stellar population gradients reported in this work, along with results from other recent IFU studies. Gradients from our work
and those from Sa´nchez-Bla´zquez et al. (2014) are given as means and standard deviations, while the Zheng et al. (2017) gradients
(marked with a) are given as means and errors of means. b: rd0 marks the minimum radius at which the disk dominates, while re signifies
disk effective radii.
and in § 4.3.2, we study the gas phase metallicities of the
MWA sample.
4.3.1 Emission source classification
We classify the sources of gas ionisation in our galaxies using
three complementary metrics. First, we construct BPT dia-
grams (Baldwin et al. 1981; Veilleux & Osterbrock 1987) us-
ing the BPT-NII and BPT-SII metrics as presented in Kew-
ley et al. (2006). These two metrics can be used to identify
gas emission consistent with ionisation due to a central ac-
tive galactic nucleus (AGN) by comparing the ratio of [OIII]
and Hβ emission with that of [NII] and Hα (for BPT-NII) or
[SII] and Hα (for BPT-SII). We use the maximum starburst
line of Kewley et al. (2001), along with the line proposed
by Kauffmann et al. (2003), to separate pure star-forming
emission from composite emission.
We note at this point that the term “composite” can in
fact be misleading. While “composite” emission can indeed
be produced by a combination of star-forming and AGN
emission (e.g. Davies et al. 2017), similar emission line ra-
tios can also be produced from single ionising sources such
as nitrogen-enhanced HII regions (e.g. Ho et al. 1997) and
shock ionisation (e.g. Allen et al. 2008).
It is also the case that numerous other ionising sources
can produce emission consistent with AGN on a BPT
diagram, including diffuse ionised gas (DIG) and post-
asymptotic giant branch (post-AGB) stars. As such, it is
possible for galaxies in AGN regions of BPT diagrams to
be simply galaxies that have stopped forming new stars (Bi-
nette et al. 1994; Stasin´ska et al. 2008; Sarzi et al. 2010;
Singh et al. 2013; Belfiore et al. 2016). Such galaxies dis-
play low Hα equivalent widths (hereafter EW (Hα)) in their
ionised gas emission (Papaderos et al. 2013; Sa´nchez et al.
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Figure 10. Histograms of mass-weighted (left) and light-
weighted (right) linear gradients fitted between 0.5Re and 1.5Re
for galaxies with sufficient coverage in that range, scaled in units
of dex kpc−1 (top) and dex R−1d (bottom). The blue line shows
the Hasselquist et al. (2019) gradient for MW stars younger than
2.5 Gyr, and the red line shows the gradient for stars older than
10 Gyr. Our metallicity gradients are largely inconsistent in phys-
ical units with the blue line, but closer achievement is achieved
when gradients are scaled by Rd.
2014; Gomes et al. 2016; Belfiore et al. 2017) and may be
detected and ruled out as AGN candidates on that basis.
Thus, we make use of the complementary WHAN diagnos-
tic introduced by Cid Fernandes et al. (2010, 2011), in which
EW (Hα) is plotted against the ratio of [NII] and Hα. Such a
combination of BPT and WHAN diagnostics has often been
used for analysing galaxies’ gas contents in IFU studies (e.g.
Belfiore et al. 2015; Rembold et al. 2017), along with other
combinations of BPT diagnostics with the Hα equivalent
width (e.g. Sa´nchez et al. 2014; Sa´nchez-Menguiano et al.
2016; Lacerda et al. 2018). These diagnostics provide a way
to distinguish AGN activity from diffuse ionised gas emis-
sion, the latter of which is powered by old stars and has
weaker Hα emission.
We use WHAN diagnostic lines selected to match the
BPT-NII diagnostic lines; as in Belfiore et al. (2015), we
place a boundary at [NII]/Hα = −0.1 beyond which a
galaxy’s emission is deemed AGN-like. We also place a line
at [NII]/Hα = −0.32, as in Cid Fernandes et al. (2010),
to separate star-forming emission from composite-like emis-
sion; this value is based on the Kauffmann et al. (2003) line
described previously. For AGN and composite regions, we
assume spaxels with EW (Hα) < 3A˚ to represent a retired
galaxy regions regardless of their [NII]/Hα value. For spax-
els [NII]/Hα in the star-forming region, we instead employ
a cut of 6A˚ to separate star-forming and non-star-forming
emission, and we likewise describe the latter regions as ”re-
tired” for the remainder of this article.
For all three metrics, we have corrected our emission
line fluxes by assuming an intrinsic Balmer decrement of
Hα/Hβ = 2.86 and then fitting a Calzetti et al. (2000) dust
reddening law. This correction is only reliable if both Hα
and Hβ have been clearly detected in a spectrum. As such,
we do not perform the correction for spaxels in which the
amplitude-over-noise ratio (A/N) of the Hβ feature is less
than three. For affected spaxels in the retired region of the
WHAN diagram, we assume this to be due to low levels
of emission, and we continue to use these spaxels in our
analysis. We deem affected spaxels in other regions of the
WHAN diagram to be unreliable, and we mask them from
subsequent analysis. Such spaxels are almost entirely found
at the edges of a given galaxy’s FOV, and so masking them
has no effect on the results that we present.
We show maps of these diagnostics in Figure 11, us-
ing galaxy 8979-6102 as an example. In this particular case,
the BPT-NII and BPT-SII distributions are both consis-
tent with AGN-like gas emission in the galaxy’s centre; the
WHAN diagnostic, meanwhile rules out the BPT features
being the result of old stellar populations. In this particular
case, we see that the WHAN diagnostic alone is consistent
with an AGN-like central region.
Beyond approximately 0.5Re, the majority of our galax-
ies are dominated by star-forming emission, with the excep-
tions being galaxies that are heavily inclined. Within their
central regions, however, our galaxies display a wider range
of behaviour. We therefore classify the MWAs according to
the emission sources inferred around the galaxy centres, us-
ing four classifications:
• Centrally star-forming (“SF”) galaxies are those for
which the inner effective radius is dominated by star-forming
emission; both the BPT-NII and BPT-SII diagnostics show
the majority of inner spaxels lie in the star-forming region,
with values of EW(Hα) greater than 6A˚. Given that the
galaxies in our sample largely contain star-forming emission
away from their centres, galaxies classified as centrally star-
forming are thus dominated by star-formation emission over
the whole of the studied FOV.
• Centrally Intermediate (“CI”) galaxies have a central
region consistent with composite-like emission on the basis
of the BPT-NII diagnostic. The EW(Hα) of central spaxels
in these galaxies is 3A˚ or greater.
• “AGN” galaxies are those for which we detect ionisation
consistent with central AGN activity via both the BPT-NII
and BPT-SII diagnostics; in addition, the spaxels corresond-
ing to this activity display EW(Hα) values of greater than
3.
• Centrally Retired (“CR”) galaxies have central values
of EW (Hα) too low to be consistent with any other classi-
fication. Such galaxies may have central emission line ratios
that appear AGN-like when viewed in the two BPT dia-
grams. We classify a galaxy as CR if its central region is
consistent with star-forming emission from the two BPT di-
agnostics and EW (Hα) ≤6 A˚, or if it has an AGN-like or
composite-like central region from the BPT diagnostics and
EW (Hα) ≤3 A˚.
We present examples of each classification in Figure 12.
We note that we do not directly use the WHAN diagnostic
in our classifications, though it remains useful for visualisa-
tion purposes. Of the 62 MWAs in the sample, we identify
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Figure 11. BPT and WHAN diagrams for galaxy 8979-6102.
Top: BPT-NII diagram (left) and map (right) of diagram clas-
sifications. A mixture of star-forming (blue) and AGN-like (red)
emission is detected, along with a region of composite emission
(green). Middle: BPT-SII diagram and map. We find LINER-like
(green) and Seyfert-like (red) emission in a handful of spaxels near
the centre, along with substantial star-forming emission (blue).
Bottom: WHAN diagram and map. We find a region of high Hα
emission near the centre, corresponding to central AGN-like emis-
sion (red, orange); this is surrounded by a composite region (blue,
green) which also contains three bins consistent with ionisation by
old stars. Thus, the WHAN diagram supports and complements
the picture implied by the BPT diagrams. The black error bars
show the median error for each parameter.
12 (19%) as being centrally retired and 22 (35%) as cen-
trally star-forming. We find 7 galaxies (11%) to have cen-
tral AGN-like activity (8979-6102, 8146-12702, 8263-6104,
8257-12705, 9040-9102, 9496-9102, 9499-12703) in terms of
BPT diagnostics and EW(Hα) values, though we note that
none of these display broad-line spectra when inspected by
eye. We have verified that the “AGN” galaxies are inconsis-
tent with any other classifications within the uncertainties
of their emission line flux and EW (Hα) values. We identify
a further 21 galaxies (33%) as having centrally intermediate
emission. That so many of the MWAs display hints of AGN
activity is interesting in light of suggestions that the MW
itself hosted an AGN in its past (e.g. Nicastro et al. 2016),
and we suggest that MWAs could be used to investigate this
further.
Candidate AGN galaxy catalogs have been previously
published in MaNGA, both in Rembold et al. (2017) and
also in Sa´nchez et al. (2018). Both catalogs used MPL-5
MaNGA data, for which four of our AGN galaxies (8979-
6102, 8146-12702, 8263-6104, 8257-12705) have data avail-
able. Of these four, galaxy 8979-6102 is the only one listed
in Sa´nchez et al. (2018), while both 8979-6102 and 8257-
12705 are listed in Rembold et al. (2017). When considering
these differences, it is important to note that we employ dif-
ferent selection critia to the quoted studies, which in turn
use different selection criteria to each other. Rembold et al.
(2017) performs selections using the BPT-NII and WHAN
diagnostics, based on SDSS aperture spectra. Sa´nchez et al.
(2018), meanwhile, performs selection using 3”-3” MaNGA
spaxel regions; they use the BPT-OI diagnostic along with
the BPT-NII and BPT-SII diagnostics and EW(Hα).
The presence of a non-neglibile number of CR objects
objects agrees well with the idea of the Milky Way being
in the green valley region of the color–magnitude diagram,
which is consistent with our stellar population results (§ 4.2).
Most likely, these centrally quiescent galaxies are in the pro-
cess of a gradual cessation of star formation and transition
onto the red sequence. Such a gradual transformation is pro-
posed for disk galaxies in Schawinski et al. (2014), and is
supported by the results of Sa´nchez et al. (2019).
In Figure 13, we show radial profiles of log([NII]/Hα)
for the 62 MWAs in our sample. We calculate these profiles
by azimuthally averaging over annuli of width 0.1Re as done
above. We color-code the line for each galaxy according to
its classification. The MWA galaxies have a relatively narrow
range of log([NII]/Hα) values beyond approximately 0.5Re,
compared to smaller radii. The CR galaxies have similar
profiles to AGN galaxies, with both types typically produc-
ing negative radial gradients in log([NII]/Hα) which flatten
beyond roughly 0.5 0.5Re . SF galaxies typically display pro-
files that are flat or close to flat, meanwhile with CI galaxies
displaying mild negative gradients at low radii.
4.3.2 Gas-phase metallicity
We estimate the gas-phase metallicity of the MWAs us-
ing the ratios log([NII]λ6583/[SII]) and log([NII]λ6583/Hα)
along with the O3N2 metric of Alloin et al. (1979), which
combines the Hα, Hβ, [OIII]λ5007, and [NII]λ6583 fluxes
via
O3N2 = log
(
[OIII]λ5007
Hβ
× Hα
[NII]λ6583
)
. (6)
By construction, the O3N2 metric is insensitive to the
effects of dust extinction. The log([NII]λ6583/[SII]) metric
is likewise only weakly dependent on the dust correction,
due to the small separation of the respective spectral lines.
A large number of calibrations have been proposed in
the literature, aimed of estimating gas-phase metallicities
from measured emission line flux ratios, and the choice of
calibrator can have a significant impact on derived results
(e.g. Kewley & Ellison 2008); we direct the interested reader
to Section 3.1 of Sa´nchez et al. (2017) for a comprehensive
summary, and to Section 3 of Maiolino & Mannucci (2019)
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Figure 12. Example BPT and WHAN maps for our four ionisation source classifications: centrally star-forming (SF), centrally interme-
diate (CI), AGN-like (AGN) and centrally retired (CR). Colors are as follows. For BPT-NII: blue regions are star-forming, green regions
composite and red regions AGN. For BPT-SII: blue regions are star-forming, green regions are LINER-like and red regions Seyfert-like.
For WHAN: blue regions are star-forming, green regions are composite regions, red regions are AGN-like regions, and yellow regions are
retired regions. Black regions are those regions with unreliable dust corrections, as explained in the text.
for a more detailed review. One choice is to calibrate emis-
sion line measures based on results from photoionisation
models. This approach has been employed in the deriva-
tion of simple gas-phase metallicity calibrators (e.g. Dopita
et al. 2016), as well as in more complex fitting methodologies
(e.g. IZI; Blanc et al. 2015). An objection to this approach
(e.g. Sa´nchez et al. 2017, and references therein) is that such
models rely on various strong assumptions on the physical
behaviours of ionising populations’ atmospheres, which are
in practice only loosely understood. Emission line calibra-
tions derived this way are also dependent on assumptions of
various abundance ratios, explicitly or otherwise, as well as
on the behaviour of the ionisation parameter.
An alternative to calibrating on photoionisation models
is to calibrate on gas-metallicity measurements from obser-
vational electron temperatures (Te) (e.g. Marino et al. 2013).
This removes the need for detailed assumptions, but suffers
from the inability of associated calibrators to reach metal-
licities much beyond the solar value. This problem can be
accounted for by supplementing data with model results at
higher metallicities, as for instance done in Pettini & Pagel
(2004) (hereafter PP04). However, such an approach requires
the same set of assumptions as those that use ionisation
models alone.
Considering the situation, we have chosen to explore
multiple gas-phase metallicity calibrators in order to bet-
ter understand the range of metallicity behaviour allowed
by the DAP emission line measurements. Such an approach
is similar to that employed in Pipe3D gas metallicity mea-
surements of CALIFA data (Sa´nchez et al. 2017), MaNGA
data (Sa´nchez et al. 2018) and SAMI data (Sa´nchez et al.
2019). We use the 03N2 calibrator of PP04 along with that of
Curti et al. (2017, hereafter C17), the latter of which which
was developed from Te measurements of local star-forming
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Figure 13. Profiles of log([NII]/Hα), colored according to gas-
ionisation classification. Representative error bars are shown for
various radii.
galaixes in SDSS DR7. We also use the calibration of Do-
pita et al. (2016, hereafter D16), which was derived through
photoionisation models alone. These three calibrators can
be written as
[12 + log(O/H)]PP04 = 8.73− 0.32(O3N2), (7)
[12 + log(O/H)]D16 = 8.77 + log([NII]λ6583/[SII])
+ 0.264 log([NII]λ6583/Hα), (8)
O3N2 = 0.281− 4.765x2 − 2.286x2, (9)
where in the final equation, x is the oxygen abundance nor-
malised to the solar value of 8.69 (Allende Prieto et al. 2001):
x = [12 + log(O/H)]C17 − 8.69.
These expressions all implicitly assume that the ionis-
ing gas flux is due to star formation, and are thus inaccu-
rate in cases where the gas ionisation is due to some other
source. We minimise the impact of non-star-forming emis-
sion on our gas-phase metallicity measurements as follows.
We restrict our analysis to reliably “star-forming” spaxels by
masking any spaxels that do not fall onto the star-forming
region of the BPT-NII diagram. We then further mask spax-
els for which EW (Hα) < 14 A˚ following the rationale and
adopted criterion of Lacerda et al. (2018). We further mask
spaxels in which any of the other relevant emission lines
([OIII]λ5007, Hβ, [NII]λ6583, [SII]λ6718, [SII]λ6733) have
observed equivalent widths lower than 0.5A˚. The spaxels left
unmasked from this process are hereafter referred to as star-
forming spaxels.
We then construct one-dimensional gas-phase metal-
licity profiles in a similar manner as other radial profiles
above. We place annuli of width 0.1Re over our galaxies
based on their ellipticity and photometric position angles,
and we azimuthally average over all star-forming spaxels for
each annulus. We subsequently discount any annuli with-
out any star-forming spaxels within them. We choose the
outermost annulus to have a radius lower than that of the
largest elliptical aperture containing 85% of a galaxy’s spec-
tra, using the ellipticities and position angles as before. In
this case, we perform the calculation using MaNGA dat-
acubes without applying a S/N cut. Approximately two-
thirds of our profiles have their maximum radii set by this
limit, with the remaining third instead being set by limited
availability of star-forming regions. We calculate gradients
for these profiles by performing maximum-likelihood linear
fits between 0.5 − 1.5Re for profiles that extend to at least
1.5Re and contain at least three star-forming spaxels be-
tween 0.5Re and 1.5Re; this enables gradient calculations
for 41 MWAs. As with the stellar populations case, this fit-
ting range in radius is chosen to minimise the impact of
the bulge while also being within the FOV of most sam-
ple galaxies. Taking means and standard deviations, we find
from the PP04 calibration an average sample gradient of
−0.1 ± 0.1 dex R−1e . For the D16 calibration we obtain an
average sample gradient of −0.16±0.1 dex R−1e , while for the
C17 calibration we obtain −0.066±0.065 dex R−1e . In physi-
cal units, we find thus find a mean gradient of 0.014 dex/kpc
with a robust standard deviation of 0.013 dex/kpc using
the PP04 calibration. For the D16 calibration, we obtain
a mean gradient of -0.022 dex/kpc with robust standard
deviation of -0.012 dex/kpc, while from C17 we obtain a
mean of -0.0086 dex/kpc and a robust standard deviation of
-0.0082 dex/kpc.
For all three calibrators, we construct mean MWA gas-
phase metallicity profiles by taking means of all profiles in
bins of 0.1Re, with the radius defined as the mean radius
of all points in a given bin. We calculate gradients for these
profiles by performing a least-absolute-deviation fit between
0.5Re and 1.5Re.
We present our gas-phase metallicity profiles in Fig-
ure 14, wherein we show the profiles for the different di-
agnostics separately. We also show histograms of calculated
gradients between 0.5–1.5Re for the 41 sample galaxies with
profiles extending over the whole of this region.
We now consider how our profiles compare to the litera-
ture, as well as how they compare with gas metallicity mea-
surements taken for the Milky Way. In Table 3 we compare
the mean and spread of our gas-phase metallicity gradients
with a number of other measurements from straight-line fits
in the literature: The Belfiore et al. (2017) sample consists
of 550 nearby MaNGA galaxies with a stellar mass range
of log(M/M) = 9.5 − 11.5. The Sa´nchez-Menguiano et al.
(2016) sample consists of 122 face-on spiral galaxies observed
by CALIFA, while the Sa´nchez et al. (2014) comprises 306
CALIFA-obseved galaxies. The Sa´nchez-Menguiano et al.
(2018) sample consists of 102 MUSE-observed spiral galax-
ies, while the Poetrodjojo et al. (2018) sample is made up of
25 face-on star-forming spiral galaxies obtained from SAMI.
As shown in Table 3, our calculated gradients are in good
overall consistency with existing literature.
For the MW, Esteban et al. (2017) obtain a gradient
of −0.04± 0.005 dex/kpc over a Galactocentric radial range
of 5.1− 17.0 kpc from metallicity measurements of individ-
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Figure 14. Profiles of 12 + log(O/H) for the MWA sample, calculated using our three chosen calibrators. The grey lines reperesent
indiviudal galaxies, with the thick black lines showing the mean profiles. The dashed red lines show the results of least-absolute-deviation
fits to the black lines, over radii between 0.5 Re and 1.5Re.
ual HII regions. Balser et al. (2015) report significant az-
imuthal variations in the metallicities of HII regions across
the MW; between Galactic azimuths of 90◦ and 130◦, they
report [O/H] gradients of −0.082 ± 0.014 dex/kpc, while
for azimuths between 0◦ and 60◦ they find a gradient of
≈ −0.04 dex/kpc. Genovali et al. (2014), meanwhile, obtain
a slope5 of 0.06 ± 0.002 dex/kpc from fitting to the metal-
licities of Cepheids, which trace young (∼ 20 − 400 Myr)
stars and are expected to mirror the metallicity behaviour
of the Milky Way’s ISM. As such, we find gradients of the
MW gas metallicity profiles to be substantially steeper than
the average gradients from the MWA sample, regardless of
which calibrator we use and regardless of which specific MW
observable we consider.
However, we reiterate at this point that the MW ap-
pears to be unusually compact for a galaxy of its type, and
that our MWAs largely have disk scale radii significantly
higher than has been calculated for the MW. In Figure 15,
we show histograms of the 41 galaxies for which we cal-
culated individual gradients. We show in the same figure
the Esteban et al. (2017) gradient and the −0.08 dex/kpc
gradient reported in Balser et al. (2015) for azimuths be-
5 Genovali et al. (2014) calculate [Fe/H], so the slope in [O/H] in
this case would depend upon any [O/Fe] gradients in their sample.
tween 90o and 130o. We show the gradients both in units of
dex/kpc and in units of dex/Rd. We find that scaling gas
metallicities by disk scale radius largely removes the dis-
crepancy between the MW and the MWAs. Using the PP04
calibration, we obtain a gradient mean and robust standard
deviation of −0.074 ± 0.072 dex R−1d , for the D16 calibra-
tion: −0.11 ± 0.076 dex R−1d , and for the C17 calibration:
−0.046 ± 0.045 dex R−1d . The PP04 and D16 values com-
pare well with the scaled Esteban et al. (2017) gradient of
−0.11 ± 0.014 dex R−1d , though the C17-derived values re-
main somewhat flatter. However, the Balser et al. (2015)
gradient for HII regions at azimuths between 90o and 130o,
at −0.22± 0.043 dex R−1d continues to be well beyond what
we find for the majority of our studied MWAs. The Genovali
et al. (2014) gradient, −0.163 ± 0.005 dex R−1d , is likewise
steeper than is found for many of the sample MWAs, regard-
less of which calibration is considered.
We note an apparent trend in our particular sample
between gas metallicity gradients in scaled units with the
disk scale lengths themselves. In Figure 16, we plot the gas-
phase metallicity gradients derived for the galaxies, using
all three chosen calibrators, as functions of Rd. We plot the
gradients both in scaled units, and also in physical units. We
find no overall relation between gradients in physical units
with Rd, and in turn find a mild trend of steeper (more
negative) scaled gradients with higher Rd. This is different
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Figure 15. Histograms of gas metallicity gradients calculated for our MWAs using the (left) Dopita et al. (2016), the (middle) Curti
et al. (2017) and (right) Pettini & Pagel (2004) calibrations. We also show the Esteban et al. (2017) best-fit line slope for the MW
gas-phase metallicity (purple), the Genovali et al. (2014) slope as inferred from young Cepheids, and the Balser et al. (2015) slope for
gas-phase metalicity for Galactic azimuths between 90o and 130o (green). We find the MW gradients to be signficantly steeper than is
typical for the MWAs (top); however, the MWA sample gradients are more consistent with the MW gradients when gradients are scaled
in terms of disk scale radius (bottom), particularly for the D16 and PP04 calibrations.
from results obtained from larger samples (e.g. Sa´nchez et al.
2014) that support the existence of a characteristic (scaled)
gas metallicity gradient. The cause of the trend we find is
unclear, but may be a consequence of our specific sample
selection.
We find from Figure 15 that our MWAs overwhelmingly
have flatter gas metallicity gradients in terms of physical
units than reported for the MW. However, we find the range
of MWA gradients to agree closer with MW measurements
when the gradients are parametrised in terms of dex R−1d .
In particular, we find the scaled MWA gradients to be well
within the gradient reported by Esteban et al. (2017). As
such, we argue that the discrepency in physical units is at
least partly due to the relative compactness of the MW disc,
with differences in perspective and in observational tech-
niques also likely be to be relevant factors.
4.4 Effect of inclination
Given the known effect of high inclinations on measured
galaxy properties (e.g. Belfiore et al. 2017; Ibarra-Medel
et al. 2019), it is worth considering how important the ef-
fect of inclinations is on our reported results. In particu-
lar, galaxy inclinations can impact upon measured isophotal
radii, due to changes in perspective and also due changes in
levels of dust reddening (Masters et al. 2003).
To assess the impact of inclination, in Figure 17 we plot
the derived stellar population gradients against axis ratio
b/a, for all galaxies with sufficient radial coverage. We note
a tendency for steeper mass-weighted age gradients at larger
 values, but we find no obvious dependence on axis ratio
for the light-weighted age gradients or for the metallicity
gradients.
Likewise, our derived gas metallicity gradients show lit-
tle dependence on galaxies’ axis ratios. In Figure 18, we plot
the gradients from all three selected calibrators as a func-
tion of , for all MWAs with sufficient coverage and sufficient
numbers of star-forming spaxels. As with the stellar popula-
tion gradients, we see little dependence of the gas metallicity
gradients on galaxies’ axis ratios.
In Table 4, we show the means and robust standard
deviations for both the full galaxy sample and for galaxies
with axis ratios b/a greater than 0.7, finding that such a cut
induces only small changes in the range of gradients we find.
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Figure 16. Plot of gas-phase metallicity gradients against disk scale length. We find no trend when gradients are in physical units, and
in turn find a mild negative trend when the gradients are scaledd
Calibrator ∆ log(O/H) Units Range Ref.
O3N2 [PP04] −0.10± 0.10 dex/Re 0.5− 1.5 Re This paper
[D16] −0.16± 0.10 dex/Re 0.5− 1.5 Re This paper
O3N2 [C17] −0.066± 0.065 dex/Re 0.5− 1.5 Re This paper
O3N2 [PP04] −0.014± 0.013 dex/kpc 0.5− 1.5 Re This paper
[D16] −0.022± 0.012 dex/kpc 0.5− 1.5 Re This paper
O3N2 [C17] −0.0086± 0.0082 dex/kpc 0.5− 1.5 Re This paper
O3N2 [PP04] −0.1± 0.09 dex/re 0.3− 2.1 re Sa´nchez et al. (2014)
O3N2 [PP04] −0.11± 0.07 dex/re 0.5− 2 re Sa´nchez-Menguiano et al. (2016)
O3N2 [PP04] −0.014± 0.012 dex/kpc 0.5− 2 re Sa´nchez-Menguiano et al. (2016)
O3N2 [PP04] −0.08± 0.10 dex/Re 0.5− 2 Re Belfiore et al. (2017)
O3N2 [Marino et al. (2013)] −0.11± 0.07 dex/re Various Sa´nchez-Menguiano et al. (2018)
R23 [Kobulnicky & Kewley (2004)] −0.12± 0.05 dex/Re ∼ 0− 1.5 Re Poetrodjojo et al. (2018)
Table 3. Comparison of gas-phase metallicity gradients of comparable galaxy samples from recent studies. All values are given as means
and standard deviations. re signifies disc effective radius, whereas Re signifies the effective radius of galaxies as a whole.
Cut ∇(Agelight) ∇(Agemass) ∇([Z/H]light ∇([Z/H]mass) ∇[log(O/H)]PP04
0 ≤ b/a ≤ 1 (full sample) −0.22± 0.22 −0.10± 0.05 −0.13± 0.15 −0.16± 0.13 −0.10± 0.10
b/a > 0.7 −0.18± 0.23 −0.10± 0.05 −0.12± 0.14 −0.16± 0.09 −0.087± 0.097
Table 4. Comparison of stellar population and gas metallicity gradients obtained for our sample, with and without cutting for axis ratio
b/a. In each case, we show means and robust standard deviations for all galaxies that were included in our final analysis. All gradients
are in units of dex/Re.
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Figure 17. Stellar population gradients plotted as a function of
axis ratio b/a. The mass-weighted age gradients show a tendency
to steeper slopes with increasing axis ratios, but we observe no
clear trends in terms of metallicity or light-weighted age.
4.5 Effect of bar presence
In this subsection, we consider the effects of bars on our re-
ported gradients, for stellar population parameters and for
gas-phase metallicities. Barred galaxies have previously been
reported from MaNGA data to contain flatter stellar popula-
tion gradients within the bar regions (Fraser-McKelvie et al.
2019b). Barred galaxies, we note, have also been found to
be more likely to contain LINER-like central regions (Krish-
narao et al., in prep).
Here, we make use of the MaNGA Galaxy Zoo (GZ)
value-added catalog 6, which contains data for 53 out of
our 62 galaxies. We exclude galaxies with axis ratios b/a
less than 0.4, in order to remove edge-on cases where a bar
could be obscured; this leaves us with 50 galaxies. For these
galaxies, we obtain the debiased fractions of ”bar” and ”no
bar” answers, which are weighted using the methodology ex-
plained in Willett et al. (2013) and Hart et al. (2016).
We find a non-negligible proportion of our non-edge-on
galaxies to contain bar-like features, with 17/50 found to
have debiased GZ ”bar” fraction greater than 0.5. We note
however that only 4 of these galaxies (8141-12701, 8444-
12703, 8615-9102 and 8985-9102) have a debiased ”bar” an-
swer fraction of more than 0.7. As such, galaxies with clear
bars make up a minority of our sample.
In Table 5, we compare the mean measured populations
and gas metallicity gradients that we obtain for our sample,
along with the robust standard deviations, with and with-
out excluding galaxies with ”bar” percentrages greater than
6 https://www.sdss.org/dr15/data_
access/value-added-catalogs/?vac_id=
manga-morphologies-from-galaxy-zoo
Figure 18. Gas metallicity gradients from all three chosen cali-
brators plotted as a function of axis ratio b/a. The mass-weighted
age gradients show a tendency to steeper slopes with increasing
axis ratios, but we observe no clear trends in terms of metallicity
or light-weighted age.
50%; we perform this calculation for all galaxies with suf-
ficient radial coverage, excluding twelve such galaxies when
cutting for bar presense. We also show the results of a more
conservative cut, wherein we exclude the four galaxies with
bar percentages higher than 70. We show that cutting our
galaxy sample in this way produces only a small impact on
our findings. The wider effects of bars on MWA sample selec-
tion is the subject of further work, and a further exploration
is beyond the scope of this present paper.
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Cut ∇(Agelight) ∇(Agemass) ∇([Z/H]light ∇([Z/H]mass) ∇[log(O/H)]PP04
0.4 ≤ b/a ≤ 1 −0.23± 0.23 −0.11± 0.05 −0.12± 0.15 −0.15± 0.13 −0.10± 0.10
GZ debiased ”bar” frac < 0.7, 0.4 ≤ b/a ≤ 1 −0.21± 0.22 −0.10± 0.04 -0.10± 0.14 −0.15± 0.12 −0.09± 0.09
GZ debiased ”bar” frac < 0.5, 0.4 ≤ b/a ≤ 1 −0.25± 0.20 −0.09± 0.04 -0.11± 0.14 −0.15± 0.12 −0.09± 0.10
Table 5. Comparison of stellar population and gas metallicity gradients obtained for our sample, with and without cutting out galaxies
with bars. For the first row, we show means and robust standard deviations for all galaxies that were included in our final analysis. For
the second row, we show galaxies included in the MaNGA Galazy Zoo VAC with debiased ”bar” answer fractions no greater than 0.7.
All gradients are in units of dex/Re.
4.6 Predictors of measured analog properties
Here, we explore how our MWAs appear in other parame-
ter spaces, as well as how our measured parameters com-
pare with those parameters that one would expect to find
in a large photometric catalog. In this way, we can begin to
consider how “expensive” mesureables (such as stellar ages,
stellar metallicities, and their gradients) relate to the sorts
of “cheaper” parameters available from large photometric-
based catalogs, which we could expect to be used in de-
signing analog sample selections. At the same time, we can
explore if close proximity to the MW in a given parameter
space corresponds to greater homogeneity of MWAs in other
spaces.
We parametrise the MWAs’ closeness to the MW in
terms of stellar mass and B/T using the ∆morph parameter,
which was used to set the initial ancillary sample’s observing
priorities and is defined as
∆morph =
√
∆2M + ∆
2
B/T, (10)
where ∆M and ∆B/T are defined respectively using
∆M =
| log10 M∗ − log10 M∗,MW |
σM
(11)
and
∆B/T =
| log10(B/T)− log10(B/T)MW|
σB/T
. (12)
where the σ terms in the above equations denote the 1-σ
confidence intervals for the MW in those parameters. We
also calculate ∆SFR and ∆Rd, which parametrise the differ-
ence between the MWAs and the MW in terms of SFR and
Rd:
∆SFR =
|SFR− SFRMW |
σSFR
(13)
∆Rd =
|Rd −Rd,MW |
σRd
(14)
We use MW values the values for the Milky Way’s mass
and Rd from Licquia & Newman (2016). In all cases, we
use the means of the MW probability distribution functions
along with the standard deviations, as detailed in Table 6.
We show in Figure 19 how the ∆morph parameter appears in
the M − B/T parameter space, with color-magnitude dia-
grams also shown for MWAs with various values of ∆morph.
In Figure 20, we present a corner plot of the MWAs’ M∗,
B/T, SFR and Rd values, with the points colored according
to their value of ∆morph. We immediately see that proxim-
ity to the MW in one parameter space does not necessarily
log(M∗/M) 10.75± 0.1
B/T 0.16± 0.03
SFR 1.65± 0.19 M yr−1
Rd 2.71± 0.21kpc
Table 6. MW parameters used for assessing MWA proximity to
the MW in different parameter spaces. Mass and scale length
values are from Licquia et al. (2016), while B/T and SFR values
are from Licquia & Newman (2015).
imply closeness in other parameter spaces: though ∆morph
depends strongly on M and B/T by design, it shows much
less structure in terms of SFR or Rd. However, we note a
clustering datapoints with low ∆morph in panels with SFR
on one of the axes, suggesting that galaxies with low ∆morph
values are more likely to be similar to the MW in terms of
SFR as well.
Next, we consider whether closeness to the MW mass
and B/T values corresponds to homogeneity in the stellar
population and gas measurements. To this end, we present
in Figure 21 a corner plot of light-weighted stellar popu-
lation parameters and gradients (Section 4.2), along with
the PP04- and D16-based gas-phase metallicity gradients
(Section 4.3), with gradients scaled according to disk scale
length. We also show the MW metallicity gradients for young
stars and gas, using values from Hasselquist et al. (2019)
and Esteban et al. (2017) respectively, in the lower right
three panels of the figure. We calculate ages and metallicities
within 1 Re ellipses, using the same procedure described for
the stellar population profiles in § 4.2. As before, we colour
datapoints by their value of ∆morph. We find the properties
of MWAs’ stellar populations and gas are connected only
loosely with their proximity to the MW in M∗−B/T: we note
a mild preference for younger ages and greater metallicities,
while finding no relationship between ∆morph and the calcu-
lated gradients. We also find no clear relationships between
the different gradients considered, save for the expected cor-
relation between the two gas-phase metallicity gradient es-
timators.
In Figure 22, we present the same parameters and gra-
dients as before, with datapoints instead coloured based on
∆SFR. In this case, we note that galaxies with low ∆SFR
seem to cluster within a smaller range of ages, metallicities
and age gradients than those with high ∆SFR. This suggests
that closeness to the MW in SFR space implies greater ho-
mogeneity in certain stellar population properties. This pat-
tern is tentative due to the low numbers of points involved,
but is unsurprising in light of the known connection between
SFR and color. Values related to metallicity gradients, by
contrast, show no such behaviour with ∆SFR.
We may quantify the behaviour in Figure 22 by con-
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Figure 19. Top left panel: plot of B/T against stellar mass, coloured by ∆morph. Other panels: color-magnitude diagrams showing
MWAs grouped by their ∆morph. The MW position on the color-magnitude diagram, as derived by L15, is shown as a white diamond.
The color-magnitude positions of the full MPL-8 MaNGA sample are also shown.
sidering the means and robust deviations of various de-
rived parameters for the MWA sample. For the integrated
light-weighted age, we obtain a value of log(age/Gyr) =
0.41±0.27; however, if we restrict to MWAS with ∆SFR < 3,
we instead find log(age/Gyr) = 0.51 ± 0.15, indicating a
significant decrease in the spread of measured values. We
find for the full MWA sample a metallicity mean and de-
viation of [Z/H] = −0.31 ± 0.13; restricting to ∆SFR < 3
in this instance, we find [Z/H] = −0.25 ± 0.09, finding the
∆SFR cut to lead to a modest reduction in the spread of ob-
tained values. Take the age gradient for all galaxies with suf-
ficient coverage in MaNGA, we find ∇(age) = −0.16± 0.16
dex/Rd; performing the same ∆SFR cut as before, we find
∇(age) = −0.16±0.12 dex/Rd, again finding a slight reduc-
tion in the spread of measured values. For the metallicity
gradient, meanwhile, we find -0.09 ± 0.11 dex/Re and -0.12
± 0.12 dex/Re before and after restricting to ∆SFR < 3 re-
spectively, finding no reduction in the spread of values in
this case.
In Figure 23, we present the same measurements of pa-
rameters and gradients, with datapoints coloured by ∆Rd.
We find little dependence on datapoint color with any plot-
ted properties here aside from ∇[O/H], for which proximity
to the MW in terms of Rd favours smaller absolute values; as
shown in the figure, and as already implied in Figure 16, this
means that having a MW-like scale length disfavors galax-
ies from having MW-like gas metallicity gradients. Although
the MW has been repeatedly suggested to have an unusually
small scale length, deviation from the measured MW scale
length does not to be correlated with the measured stallar
population parameters we obtain. As an example of this,
we take the means and standard deviations the integrated
light-weighted ages and restrict to galaxies with ∆Rd < 3.
We find log(age/Gyr) = 0.41±0.26, and thus find that prox-
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Figure 20. Corner plot of stellar mass, bulge-to-total ratio B/T,
star-formation rate and disk scale length. Datapoints are coloured
according to σmorph, which parameterises the galaxies’ distance
from the MW in M∗ −B/T space. The purple diamonds indicate
the centres of the MW PDF.
imity to the MW scale length does not lead to increased age
homogeniety in any meaningful way.
Overall, we predict that considering SFR values in ana-
log sample definition could allow such analogs to be more
constraining of the stellar age properties that an external
observer would obtain for the MW. As such, an analysis of
a sample selected simultaneously on stellar mass, B/T, and
SFR would be a promising area of future work.
5 DISCUSSION
In the preceding sections, we presented measurements for the
MWAs’ stellar kinematics, stellar populations, and ionised
gas properties. We also compared the gaseous and stellar
metallicity gradients of our galaxies with equivalent gradi-
ents calculated for the Milky Way. We note at this point that
our measurements are overall in good qualitivative consis-
tency with both the Pipe3D Value Added Catalog7 (VAC)
(Sa´nchez et al. 2018) and the DAP, as demonstrated in Ap-
pendix B. As such, the findings we will now discuss do not
depend significantly on our choices of adopted procedures.
We find our galaxies to have a wide range of central
light-weighted stellar ages, along with a wide range of cen-
tral gas ionisation sources. As argued in the preceding sec-
tion, both of these points are consistent with the emerging
view of the MW as a “green valley” galaxy in the process of
transitioning to quiescence; it is natural to expect analogs of
the MW to be at different stages of such a transition, which
7 available at https://www.sdss.org/dr14/manga/manga-
data/manga-pipe3d-value-added-catalog/
is reflected in the range of stellar and gaseous properties we
find. On the other hand, our results further challenge the
idea of the MW being a typical star-forming spiral galaxy,
which we would expect MWA properties to reflect if this
were the case.
We identified seven MWA galaxies with central AGN-
like emission. This is interesting, considering that the MW
itself possibly hosted an AGN in its past. However, we cau-
tion that none of the seven identified AGN galaxies in this
sample contain broad-line spectra; indeed, since these galax-
ies also all display old central ages, it remains possible that
it is stellar populations that are ionising the gas in these
galaxies’ centres.
We find our galaxies’ gas and stellar metallicity gradi-
ents to generally be significantly flatter than those calcu-
lated for the MW. This is particularly the case for gradients
measured in units of dex/kpc, wheras for gradients mea-
sured in dex/Rd we obtain significantly better agreement
with Galactic values. Such an agreement in scaled units is
good consistency with previous work: Belfiore et al. (2017)
compare their gas gradients to MW metallicity gradients cal-
culated from Cepheid data (Genovali et al. 2014) and sim-
ilarly find good consistency between the MW gradients in
terms of dex/Re and the gradient predicted from their data
for galaxies of MW-like mass. As such, we argue the discrep-
ancies in dex/kpc gradients to be largely a reflection of the
MW’s apparent morphological compactness with respect to
the bulk of the MWA sample.
It has previously been suggested that the MW’s disk
scale length is atypically short. Bovy & Rix (2013), for in-
stance, find a mass-weighted scale length of 2.15 kpc ±0.14
kpc that is well below the ≈ 4.5 kpc ±2 kpc that would be
expected for disc galaxies with the MW’s mass, based on
the Pizagno et al. (2005) sample of disk galaxies. Licquia
et al. (2016) likewise report their calculated MW Rd to be
anomalously small with respect to the MW’s luminosity and
stellar rotational velocity. The MW disk scale length from
Licquia & Newman (2016) is indeed shorter than the vast
majority of our MWA galaxies, further supporting the view
of the MW disk being more compact than most galaxies of
its mass.
An interesting analysis in the future, therefore, woiuld
be to use Rd as an additional sample selection parameter in
a future MWA sample, before performing a similar analysis
to that presented in this paper as well as that presented
in L15. One could then test if such a selection reduces the
scatter of measured properties in other parameter spaces, as
well as whether Rd scales with any of these properties. Such
an analysis could not be done in detail with this present
sample, seeing as most of the galaxies have Rd values well
beyond what has been calculated for the MW.
It would also be worthwhile to explore SFR as a Milky
Way Analog selection parameter. We found in Section 4.6
that galaxies close to the MW in term of SFR appear to
have a tighter range of integrated ages age gradients and
those that are not. Such a finding is perhaps not surprising.
An exploration to this end could include galaxies selected
using M∗, SFR and B/T simultaneously; at the same time,
one could analyse the stellar population and gas properties of
galaxies selected using M∗ and SFR alone. Comparing and
contrasting the bulk properties of analog samples selected
via different means would allow us to further investigate the
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Figure 21. Corner plot showing light-weighed stellar ages and metallicities measured within 1 Re ellipses, along with stellar age and
metallicity gradients and gas metallicity gradients. We find a galaxy’s proximity to the MW in M ∗ −B/T space, as parametrised by
∆morph, to have only a modest relationship with integrated ages and metallicities. We find no clear relation between ∆morph and the
calculated gradients. The purple diamonds show the Hasselquist et al. (2019) metallicity gradient for young MW stars and the Esteban
et al. (2017) gradients for MW HII regions.
Milky Way’s place within the wider galaxy population, par-
ticularly with respect to the question of whether the Milky
Way is typical amongst galaxies of its kind. It remains un-
clear whether structural analogs are more or less constrain-
ing of the MW than ”star-formation analogs” selected on
M∗ and SFR, so a such a comparison would be timely to
perform.
It is important to remember that a number of observa-
tional challenges exist in performing a true“apples to apples”
comparison between the MW and other galaxies. Crucially,
our MWA metallicity gradients are based on the integrated
light of galaxies; the equivalent MW values are calculated
through combined measurements of individual objects, be
they individual HII regions or individual stars. As such, di-
lution and smoothing effects in integrated light data are a
concern when comparing other galaxies to the MW (e.g.
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Figure 22. Corner plot showing light-weighed stellar ages and metallicities measured within 1 Re ellipses, along with stellar age and
metallicity gradients and gas metallicity gradients. Datapoints are coloured according to ∆SFR. We find that galaxies with low ∆SFR
occupy a narrower range of integrated light-weighted ages and age gradients. The purple diamonds show the Hasselquist et al. (2019)
metallicity gradient for young MW stars and the Esteban et al. (2017) gradients for MW HII regions.
Mast et al. 2014), particularly for galaxies that are viewed
close to edge-on; this is another possible explanation for the
relative flatness of the MWA metallicity gradients in physi-
cal units when compared to the MW. We also note that we
do not directly account for the MaNGA PSF in this study,
though given that we do not fit for radial gradients within
0.5Re we do not expect the PSF to have a significant effect.
We additionally note that many of the galaxies in our sample
were observed using the smaller IFU bundle sizes, and have
per-spaxel S/N ratios that necessitated significant binning;
these can also serve to flatten measured stellar population
ratios, as demonstrated for instance in Ibarra-Medel et al.
(2019) using simulated MaNGA data.
A related challenge in the case of stellar population mea-
surements is the fact that total population gradients can ap-
pear very different to those of individual mono-age popula-
tions. This can be seen for instance in the results of Minchev
et al. (2013). Minchev et al. (2013) find a strong negative
MNRAS 000, 1–32 (2019)
Milky Way Analogues in MaNGA 27
Figure 23. Corner plot showing light-weighed stellar ages and metallicities measured within 1 Re ellipses, along with stellar age and
metallicity gradients and gas metallicity gradients. Datapoints are coloured according to ∆Rd. The majority of our sample galaxies have
high ∆Rd, and proximity to the MW in terms of Rd appears to have little relation to the plotted parameters, though we note a preference
for flatter gas metallicity gradients. The purple diamonds show the Hasselquist et al. (2019) metallicity gradient for young MW stars
and the Esteban et al. (2017) gradients for MW HII regions.
metallicity gradient in their chemo-dynamical model at the
solar region, even though the individual mono-age popula-
tions in the model displayed metallicity gradients that were
close to flat. This means that one should ideally split ob-
served stellar populations up in terms of age or birth radius
(Minchev et al. 2019) before calculating metallicity gradi-
ents, which is increasingly feasible in MW studies but far
more challenging in extragalactic work.
It is also important to consider the definition of a“Milky
Way analog”. There is no single definition of what makes a
galaxy a “Milky Way analog”, meaning that the definition
in a given study will depend on the goals of that study. In
our case, we have chosen to define a MWA as a galaxy that
is similar to the MW in terms of mass and bulge-to-total
ratio; we do not assert that galaxies selected in this way
match the MW in detail, but rather we simply make the as-
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sumption that the MW should not be wildly different than
galaxies close to it in this parameter space. It is certainly
possible that by selecting analogs using a larger number of
parameters at once, one could tighten the range of measured
properties in MWA galaxies; however, such a selection does
not produce a sufficiently large sample in MaNGA. We also
reiterate our previous comment that the disk scale radius
Rd could be a useful selection parameter for the purpose of
selecting MWAs, given the apparent relative compactness of
the MW when compared to most other galaxies of its mass.
At the same time, it should be remembered that “disk scale
lengths” measured in external galaxies are perhaps not per-
fectly equivalent to those reported in the MW. Considering
differently-aged stars separately, it is known the MW scale
length is larger for younger stellar populations (e.g. Bensby
et al. 2011; Anders et al. 2014; Martig et al. 2016) - a fact
that cannot be captured by a single disc scale length mea-
sure. Such a situation is also expected for external galax-
ies, given the large amounts of observational evidence for
inside-out galaxy formation (e.g. Pe´rez et al. 2013; Lo´pez
Ferna´ndez et al. 2018; Rowlands et al. 2018).
Overall, the Milky Way appears to contain metallicity
gradients that are steeper (in dex/kpc) than for a typical
MWA from this sample. Part of this discrepancy could be
due to difference between the internal perspective offered
by the MW and the external perspective available for other
galaxies. Another could be that the MW’s disc is indeed un-
usually compact for a galaxy of its type. Further investiga-
tion of MWAs using complimentary selection criteria will en-
able us to further understand the Milky Way’s place within
the wider galaxy population, and such investigation will be
the subject of further work.
6 SUMMARY AND CONCLUSION
We have presented a sample of 62 galaxies selected as Milky
Way Analogs, observed as part of the MaNGA IFU survey.
We have analysed the galaxies in terms of their stellar kine-
matics, stellar populations, and ionised gas properties, and
we compared the galaxies’ gas-phase and stellar metallicity
gradients to equivalent measurements made for the MW it-
self. As indicated in Appendix B, our measurements are in
good qualitative consistency with those obtained with other
methods.
To summarise, we find that our MWAs have a wide
range of stellar population properties, which we interpret
as reflecting the MWAs in various stages of a transition to
from star-forming to quiescent. We find gas ionisation prop-
erties that are in support of this view, finding both MWAs
dominated by star-forming gas and MWAs with a significant
component of gas ionised by old stars. We also find a sig-
nificant fraction of the MWAs to contain central ionised gas
emission consistent with AGN or composite activity, which
is interesting in light of evidence that the MW itself con-
tained an AGN in its past. We found the MWAs to contain
radial stellar metallicity gradients and gas-phase metallicity
gradients that were flatter than inferred for the MW in phys-
ical units, but find greater consistency betetween the MWAs
and our own Galaxy when scaling by disk scale length. We
also noted the scaled gas metallicity gradients of galaxies to
be steeper on average for galaxies with larger scale lengths,
possibly as a consequence of our particular sample selection.
The results we have presented in this paper contains
much opportunity for follow-up work. In particular, we will
explore alternative criteria for selecting MWAs, such as star-
formation rates and galaxy morphologioes. We also intend to
explore MWAs’ neutral gas contents, with the ongoing HI-
MaNGA program (Masters et al. 2019) providing an ideal
opportunity in this regard. We also plan in the future to
perform a dynamical modelling study on a selected subset
of MWAs.
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APPENDIX A: SUMMARY OF
MEASUREMENTS
We give the stellar population gradients, gas-phase metallic-
ity gradients, and gas-ionisation classifications in Table A1.
In supplementary online material, we show maps of the pa-
rameters measured for each of the MWAs via pPXF fitting.
APPENDIX B: COMPARISON WITH
PREVIOUS ANALYSES
A number of analyses have been performed on the MaNGA
sample to date, several of which have generated publicly-
available VACs. It is worthwhile, then, to compare our find-
ings with those that could be derived from the VACs alone.
Stellar population parameters can be obtained from the
Pipe3D VAC, as well as the Goddard et al. (2017) VAC
produced from calculations with the Firefly code (Wilkin-
son et al. 2017). Both of these VACs, we note, were gener-
ated from studies of large statistical MaNGA samples, and
so are not necessarily ideal for analyzing smaller and more
specialised samples such as that which is presented in this
paper.
In Figure B1, we compare our calculated stellar popula-
tion gradients (age and metallicity, light-weighted and mass-
weighted) with those obtained from the Firefly VAC, with
the latter scaled to account for different Re values (Sersic
fit Re instead of eliptical Petrosian aperture values). Since
the Firefly VAC is not available in MPL-8 as of writing,
we restrict this comparison to MWAs available in MPL-7 or
earlier. This is not a true apples-to-apples comparison, since
the Firefly VAC is calculated over a difference radial range
(0-1.5 Re). However, we may immediately see that this VAC
is not even in qualitative consistency with our own results
for this galaxy sample: while our metallicity gradients (par-
ticularly light-weighted values) agree reasonably well, the
Firefly measurements indicate flat-to-positive age gradients,
contrary to our own findings. We note that firefly uses linear
stellar ages and metallcities when calculating light-weighted
and mass-weighted values 8, rather than logarithmic ages
and metallicities as done in our own analysis, which can po-
tentially lead to higher weighting of old metal-rich stellar
populations (e.g. Zheng et al. 2017)
8 As implemented in StellarPopulation-
Model.py and firefly library.py, available at
https://github.com/FireflySpectra/firefly release
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Plate IFU Dsg ∇(Agelight) ∇(Agemass) ∇([Z/H]light ∇([Z/H]mass) ∇[log(O/H)]PP04 Ion. class.
8079 12705 -0.07 ± 0.087 -0.08 ± 0.060 0.19 ± 0.13 0.16 ± 0.17 -0.04 ± 0.016 SF
8085 12704 -0.41 ± 0.086 -0.07 ± 0.062 -0.02 ± 0.10 -0.24 ± 0.10 -0.12 ± 0.022 CI
8137 12703 -0.39 ± 0.083 -0.14 ± 0.081 -0.15 ± 0.12 -0.22 ± 0.11 -0.11 ± 0.016 CI
8141 12701 -0.75 ± 0.094a -0.23 ± 0.12a -0.24 ± 0.096a -0.14 ± 0.13a -0.07 ± 0.011a CI
8146 12702 -0.13 ± 0.099 0.00 ± 0.048 -0.21 ± 0.12 -0.24 ± 0.14 -0.15 ± 0.018 AGN
8241 3704 -0.29 ± 0.091 -0.20 ± 0.088 0.00 ± 0.14 -0.21 ± 0.14 -0.07 ± 0.011 SF
8244 6101 -0.30 ± 0.094a -0.08 ± 0.064a 0.042 ± 0.12a -0.18 ± 0.11a 0.017 ± 0.016a CI
8244 9101 -0.55 ± 0.096a -0.09 ± 0.073a -0.13 ± 0.096a -0.05 ± 0.10a -0.08 ± 0.045a CI
8257 12705 -0.45 ± 0.19a -0.32 ± 0.20a -0.50 ± 0.21a -0.59 ± 0.33a -0.28 ± 0.019a AGN
8263 6104 -0.27 ± 0.064 -0.06 ± 0.051 -0.05 ± 0.075 -0.05 ± 0.069 -0.05 ± 0.047a AGN
8315 12705 0.00 ± 0.097a -0.08 ± 0.049a 0.15 ± 0.14a -0.08 ± 0.14a -0.04 ± 0.019 CI
8444 12703 -0.07 ± 0.099 -0.14 ± 0.067 -0.26 ± 0.13 -0.24 ± 0.12 -0.13 ± 0.023 SF
8549 3703 -0.57 ± 0.072 -0.05 ± 0.016 -0.14 ± 0.096 -0.15 ± 0.087 -0.01 ± 0.034 CR
8567 3701 -0.19 ± 0.069a -0.06 ± 0.044a -0.11 ± 0.084a -0.12 ± 0.083a 0.029 ± 0.031 SF
8568 6103 -0.27 ± 0.086a -0.09 ± 0.047a -0.40 ± 0.11a -0.34 ± 0.10a -0.05 ± 0.010a SF
8595 3702 -0.42 ± 0.11 -0.02 ± 0.094 -0.14 ± 0.13 -0.24 ± 0.14 -0.15 ± 0.050a CR
8601 6103 -0.09 ± 0.060 -0.02 ± 0.041 0.038 ± 0.081 -0.01 ± 0.072 -0.01 ± 0.037a CI
8613 12702 -0.50 ± 0.092 -0.07 ± 0.050 -0.22 ± 0.11 -0.10 ± 0.10 -0.23 ± 0.021 CR
8614 6101 -0.31 ± 0.079a -0.32 ± 0.19a -0.26 ± 0.12a -0.41 ± 0.19a -0.09 ± 0.0068a SF
8615 9102 -0.40 ± 0.090 -0.08 ± 0.058 -0.26 ± 0.12 0.11 ± 0.12 -0.05 ± 0.023a CI
8934 12701 -0.22 ± 0.11 -0.13 ± 0.096 -0.34 ± 0.14 -0.21 ± 0.16 -0.17 ± 0.020 CI
8947 12703 -0.38 ± 0.091a -0.05 ± 0.065a -0.23 ± 0.099a -0.09 ± 0.097a -0.07 ± 0.065 CR
8978 9102 -0.14 ± 0.075a 0.00 ± 0.026a -0.24 ± 0.089a -0.27 ± 0.062a N/A CR
8979 6102 -0.45 ± 0.11 -0.11 ± 0.083 -0.13 ± 0.16 -0.01 ± 0.15 -0.12 ± 0.026 AGN
8979 9101 -0.43 ± 0.11 -0.01 ± 0.065 -0.23 ± 0.12 -0.10 ± 0.12 -0.03 ± 0.099 CR
8985 9102 -0.45 ± 0.088 -0.17 ± 0.086 -0.40 ± 0.10 -0.34 ± 0.097 -0.19 ± 0.037 CR
9028 9101 -0.20 ± 0.10 -0.43 ± 0.17 -0.30 ± 0.16 -0.31 ± 0.18 -0.14 ± 0.022 SF
9031 12703 -0.36 ± 0.21a -0.17 ± 0.15a -0.52 ± 0.21a -0.55 ± 0.22a N/A CI
9040 6102 -0.22 ± 0.089a -0.15 ± 0.094a -0.10 ± 0.11a -0.11 ± 0.094a 0.026 ± 0.032a CR
9040 9102 -0.44 ± 0.069 -0.06 ± 0.033 -0.11 ± 0.079 -0.12 ± 0.067 0.033 ± 0.025 AGN
9095 9102 0.28 ± 0.091 -0.08 ± 0.075 -0.16 ± 0.11 -0.18 ± 0.12 -0.02 ± 0.025 SF
9189 9101 -0.01 ± 0.085 -0.09 ± 0.073 -0.23 ± 0.100 -0.20 ± 0.086 -0.06 ± 0.029 CI
9192 12704 0.073 ± 0.087 -0.05 ± 0.029 0.00 ± 0.14 -0.15 ± 0.12 -0.12 ± 0.022 SF
9196 6104 -0.08 ± 0.093 -0.34 ± 0.14 0.12 ± 0.14 -0.04 ± 0.13 -0.02 ± 0.024 SF
9196 9101 -0.39 ± 0.16 -0.10 ± 0.12 -0.28 ± 0.18 0.044 ± 0.20 -0.13 ± 0.035 CR
9485 1901 0.043 ± 0.052 -0.04 ± 0.032 -0.13 ± 0.082 -0.14 ± 0.069 -0.02 ± 0.0054 SF
9486 12702 -0.17 ± 0.15 -0.11 ± 0.14 0.12 ± 0.19 -0.19 ± 0.21 -0.11 ± 0.063 CI
9487 12701 -0.60 ± 0.20 -0.16 ± 0.29 -0.26 ± 0.23 -0.65 ± 0.27 -0.21 ± 0.051 SF
9491 12704 0.20 ± 0.084a -0.05 ± 0.032a 0.12 ± 0.14a -0.08 ± 0.12a -0.01 ± 0.021a SF
9496 9102 -0.47 ± 0.075 -0.08 ± 0.030 -0.07 ± 0.097 -0.13 ± 0.088 -0.11 ± 0.014a AGN
9499 12703 -0.50 ± 0.080 -0.37 ± 0.11 -0.23 ± 0.11 -0.04 ± 0.094 0.026 ± 0.026 AGN
9506 3701 -0.19 ± 0.065 -0.11 ± 0.048 0.00 ± 0.10 -0.22 ± 0.11 -0.03 ± 0.0093a SF
9514 9101 -0.20 ± 0.074a -0.04 ± 0.039a -0.26 ± 0.10a -0.14 ± 0.088a -0.05 ± 0.020a CR
9866 12701 -0.21 ± 0.11 0.0041 ± 0.088 -0.09 ± 0.12 -0.01 ± 0.15 -0.05 ± 0.021 CR
9868 12705 -0.47 ± 0.081 -0.27 ± 0.097 -0.23 ± 0.13 -0.34 ± 0.13 -0.06 ± 0.0096 CI
9894 6104 0.00031 ± 0.091 -0.10 ± 0.085 -0.36 ± 0.14 -0.18 ± 0.14 -0.04 ± 0.015 SF
10213 1902 -0.69 ± 0.39a -0.33 ± 0.51a -0.29 ± 0.49a 0.21 ± 0.58a -0.05 ± 0.058a SF
10215 9102 -0.03 ± 0.10 -0.09 ± 0.088 -0.12 ± 0.087 0.039 ± 0.096 N/A CI
10215 12705 -0.33 ± 0.12a -0.52 ± 0.25a -0.18 ± 0.18a -0.14 ± 0.17a -0.15 ± 0.037a CI
10216 6102 -0.09 ± 0.088a -0.22 ± 0.10a -0.09 ± 0.091a -0.14 ± 0.095a N/A CI
10216 6104 -0.14 ± 0.16 -0.15 ± 0.17 -0.16 ± 0.17 -0.15 ± 0.19 -0.02 ± 0.023 SF
10217 3703 -0.50 ± 0.046 -0.07 ± 0.018 -0.22 ± 0.073 -0.31 ± 0.067 0.011 ± 0.0061 CI
10218 12701 -0.16 ± 0.096 -0.05 ± 0.062 0.035 ± 0.10 -0.08 ± 0.10 -0.02 ± 0.10a SF
10220 6104 -0.11 ± 0.14 -0.08 ± 0.20 -0.04 ± 0.12 0.056 ± 0.18 -0.01 ± 0.033 SF
10220 12702 -0.28 ± 0.088 -0.02 ± 0.061 -0.20 ± 0.096 -0.06 ± 0.096 -0.05 ± 0.016 CI
10220 12705 -0.66 ± 0.11 -0.18 ± 0.11 -0.17 ± 0.13 -0.29 ± 0.16 -0.12 ± 0.035 CI
10493 3701 -0.12 ± 0.11 -0.03 ± 0.069 0.00098 ± 0.14 -0.18 ± 0.18 -0.08 ± 0.029 SF
10494 6101 -0.07 ± 0.13 0.00 ± 0.12 -0.29 ± 0.11 -0.61 ± 0.18 -0.14 ± 0.031 SF
10497 6101 -0.19 ± 0.083 -0.06 ± 0.043 -0.11 ± 0.13 -0.34 ± 0.091 -0.02 ± 0.024 CI
10498 3701 0.023 ± 0.094 -0.08 ± 0.082 -0.13 ± 0.10 -0.14 ± 0.095 -0.20 ± 0.10 CR
10509 3704 0.59 ± 0.071a -0.01 ± 0.039a 0.0086 ± 0.088a -0.20 ± 0.075a -0.07 ± 0.079a SF
10517 12703 -0.39 ± 0.27 -0.13 ± 0.29 -0.09 ± 0.28 -0.84 ± 0.37 -0.24 ± 0.032 CI
Table A1. Stellar population and gas-phase metalicity gradients and (formal) errors measured for the MWA sample, along with gas-
ionisation classifications. Gradients are in units of dex/Re. Gradients marked with a superscripts were excluded from our analysis.
Galaxies with no gas metallicity gradient are those with less than three star-forming spaxels between 0.5 Re and 1.5 Re.
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Figure B1. Comparison of population gradients derived from
our pPXF implementation with those reported on the MaNGA
firefly VAC for MWAs avilable in MPL-7. We find the two sets
of gradients to not be consistent with one another. Notably, the
Firefly VAC typically reports light-weighted age gradients that
are flat or slightly positive, whereas we find negative gradients
for the light-weighted ages
Next, we consider how our population gradients com-
pare with Pipe3D in Figure B2. Here, we find much bet-
ter consistency in the light-weighted age gradients, while
also finding reasonable consistency in the metallicity gra-
dients. The comparison with mass-weighted age gradients,
meanwhile, is heavily scattered. We note that Pipe3D uses
logarithmic ages and metallicities, in a similar manner to
our own analysis, when calculating light-weighted and mass-
weighted values (Sa´nchez et al. 2016a).
We next consider in Figure B3 how our absolute mea-
surements of the stellar populations compare to those on the
pipe3D VAC. We extract the pipe3D measurements reported
for 1 Re annuli, and we compare these with 1Re values from
our own measurements obtained from interpolating the data
and variance profiles. We find the light-weighted ages and
metallicities of the two datasets to correlate tightly; however,
our ages are systematically higher than pipe3D, while our
metallicities are systematically lower. The comparisons for
the mass-weighted population values are heavily scattered,
meanwhile, with the mass-weighed ages from our pPXF mea-
surements systematically higher than the pipe3d values.
Next we consider how our calculated gas-phase metal-
licity gradients compare to Pipe3D. For this, we obtain gas-
phase metallicity gradients for our galaxies using the Marino
et al. (2013) O3N2 calibrator, using the same method as de-
scribed previously for other calibrators. We compare to the
Pipe3D gradients from the same calibrator in Figure B4, for
all galaxies used in our presented gas metallicity analysis.
We find our gradients to correlated tightly with those from
Pipe3D.
In Figure B5, we compare our reported λe values with
those that can be extracted from the MaNGA DAP. We ex-
Figure B2. Comparison of population gradients derived from
our pPXF implementation with those reported on the MaNGA
Pipe3D VAC. We find reasonable consistency between the two sets
of gradients overall - particularly for light-weighted age - though
with significant levels of scatter.
tracted these values, hereafter termed λe,dap, using MaNGA
DAP velocities and kinematics in the same manner as for
our derived ELODIE kinematics. Overall, we find that we
obtain slightly higher values of λe overall, with a mean offset
of 0.05. However, this offset does not affect any of our qual-
itative conclusions. Possible reasons for this discrepancy in-
clude the use of different methods for correcting data-model
resolution offsets, as well as the use of slightly different wave-
length ranges for performing the fitting.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B3. Comparison of ppulation parameters derived at 1
Re from our pPXF implementation with those reported on the
MaNGA Pipe3D VAC. We find good consistency in the light-
weighted ages and reasonable consistency in mass-weighted metal-
licities, though our light-weighted metallicities and mass-weighted
ages are notably offset.
Figure B4. Comparison of gas-phase metallicity gradients cal-
culated from the DAP with those calculated in Pipe3D, with the
Marino et al. (2013) O3N2 used in both cases. We find good
agreement with Pipe3d overall, though with a degree of scatter.
Figure B5. λR values at 1Re (λe) as calculated from pPXF
fits with ELODIE, compared to equivalent values calculated from
the MaNGA DAP (λe,dap). The dotted red line shows the 1–1
relation. Overall, we find a slight offset with respect to the DAP,
with a mean difference of 0.05.
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